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Abstract

Advances in adeno-associated virus (AAV)-mediated gene therapy have brought the possibility of commercial
manufacturing of AAV vectors one step closer. To realize this prospect, a parallel effort with the goal of ever-
increasing sophistication for AAV vector production technology and supporting assays will be required. Among
the important release assays for a clinical gene therapy product, those monitoring potentially hazardous con-
taminants are most critical for patient safety. A prominent contaminant in many AAV vector preparations is
vector particles lacking a genome, which can substantially increase the dose of AAV capsid proteins and lead to
possible unwanted immunological consequences. Current methods to determine empty particle content suffer
from inconsistency, are adversely affected by contaminants, or are not applicable to all serotypes. Here we
describe the development of an ion-exchange chromatography-based assay that permits the rapid separation
and relative quantification of AAV8 empty and full vector particles through the application of shallow gradients
and a strong anion-exchange monolith chromatography medium.

Introduction

Adeno-associated virus (AAV)-based gene therapy
vectors have long been considered to have high potential

for correcting single-gene defects for a number of human
diseases. Although most early work in this regard was based
on the AAV2 serotype, many other serotypes have been dis-
covered and shown to confer considerable advantages over
AAV2 in terms of gene delivery to various tissues. Success in
the clinic with AAV2 gene therapy vectors for the treatment
of Parkinson’s disease and the hereditary eye defect, Leber’s
congenital amaurosis (Kaplitt et al., 2007; Bainbridge et al.,
2008; Eberling et al., 2008; Hauswirth et al., 2008; Maguire et al.,
2008, 2009; Christine et al., 2009; Simonelli et al., 2010), has led
to an upsurge of interest and high expectations for increased
benefits using other AAV serotypes in the treatment of a va-
riety of diseases. Such a positive outlook raises the probability
that commercial AAV vector manufacturing will become a
reality and, while considerable progress in the large-scale
manufacture of AAV vectors has been described (Clement
et al., 2009; Smith et al., 2009; Thorne et al., 2009; Virag et al.,
2009; Zhang et al., 2009; Wright, 2011a,b), certain aspects of
the manufacturing platforms are in need of improvement.

One such area is the development of AAV-specific assays
for the monitoring of production processes and the release of
final vector product, to a level of sophistication compatible
with the rigorous demands of current good manufacturing
practices.

AAV contains a single-stranded DNA genome that is
packaged into a self-assembled, viral particle through the
action of the AAV replicase (Rep) protein (Timpe et al.,
2005). During AAV vector manufacturing this process is
often inefficient, leading to the presence in the preparation
of ‘‘empty’’ particles that lack the vector genome (Grimm
et al., 1999). The degree of contamination of AAV vector
preparations with empty particles varies depending on the
manufacturing process used, but can be as high as a 20- to
30-fold excess over full particles for transfection-based pro-
cedures (Lock et al., 2010b). The presence of empty particles
effectively increases the dose of the AAV capsid proteins
given during therapy and therefore increases the potential
for unwanted immune consequences against the vector
capsid. One example of such a reaction was observed during
a clinical trial for the treatment of hemophilia with an AAV2
vector bearing the human factor IX gene (Mingozzi et al.,
2007). An asymptomatic and reversible transaminitis was
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observed during this trial with the concomitant generation
of T cells against the AAV2 capsid, which presumably led to
the observed deletion of AAV2-transduced liver cells. The
removal of empty capsids from vector preparations has since
become a priority and purification methods such as cesium
chloride and iodixanol gradients have been used for this
purpose (Ayuso et al., 2010; Lock et al., 2010a). Although
effective, such methods are not suitable to cope with the
vector production demands of late-stage clinical trials and
commercial manufacturing and more scalable processes are
required. Scalable methods of empty particle removal have
been described whereby the separation of empty and full
AAV vector particles of serotypes 1, 2, and 6 was achieved
on the basis of charge, using ion-exchange chromatography
(Urabe et al., 2006; Qu et al., 2007; Okada et al., 2009). This
type of approach is compatible with large-scale AAV vector
production and if sufficiently robust, is likely to supplant
gradient-based separation technologies in commercial
manufacturing.

Equally important as methods to remove empty particles
are assays to detect their presence, both during production
and in the final released product. Perhaps the most widely
used particle assay is the electron microscope (EM) assay
wherein vector particles are negatively stained, directly visu-
alized at high magnification, and counted. Empty particles are
distinguished on these images by an electron-dense central
region of the capsid in comparison with full particles, which
exclude the negative stain. This technique is highly dependent
on the procedure used and also on the purity of the prepa-
ration. In the wrong hands, images can be produced where it
is difficult to distinguish empty and full particles and this
situation is greatly exacerbated if contaminating protein or
other material is present. Even in the sharpest images, some
particles appear only partially stained and this creates ambi-
guity in characterizing them as empty or full. In general,
therefore, quantification of electron micrographs can be
problematic and lead to inconsistent results (Allay et al., 2011).
A second approach to empty particle determination is to
combine a total particle assay (usually an ELISA) with a ge-
nome copy (GC) titration (qPCR) and to determine empty
particle content by subtracting the GC titer from the particle
titer (Grimm et al., 1999). The problems with this type of ap-
proach include the compounded error of the two assays, the
additional time and labor involved in performing two sepa-
rate assays, and the lack of readily available reagents to per-
form the particle titration for certain AAV serotypes including
AAV8. Last, a 260 nm/280 nm absorbance-based assay has
been published for AAV2, in which extinction coefficients
were determined in order to calculate total genome, total
particle, and empty particle content (Sommer et al., 2003).
Although this assay can be useful for highly pure preparations
of AAV2, a major drawback is that protein contaminants in
the vector preparation or the presence of excipients that ab-
sorb in the 260 nm/280 nm range can lead to artificial in-
creases in the determined titers. An additional limitation with
this method at present is that extinction coefficients for sero-
types other than AAV2 have yet to be published.

In the current study, we present a new approach to AAV
serotype 8 particle analysis, based on the chromatographic
separation of empty and full particles by charge. A promi-
nent feature of the chromatography medium used in this
study is the ability to produce high resolution at fast flow

rates, which allows for a simple, rapid, and reproducible
assay.

Materials and Methods

Preparation of CsCl gradient-purified vector

CsCl gradient-purified vector was purified as previously
described (Xiao et al., 1999). Forty 15-cm plates of HEK293
cells were transfected by the calcium phosphate method with
vector genome, rep/cap, and adenovirus helper plasmids. For
empty particle preparations, the vector genome plasmid was
omitted from the transfection cocktail. Cell lysates were
prepared at 72 hr posttransfection by three successive freeze–
thaw cycles and were purified by two rounds of cesium
chloride centrifugation. Gradient fractions were measured by
refractometry and those with refractive indices between
1.3660 and 1.3740 were pooled as full vector, whereas those
with refractive indices between 1.3740 and 1.3800 were taken
as empty vector. All fractions were concentrated and de-
salted in phosphate-buffered saline (PBS)–35 mM NaCl, us-
ing Ultra 15 centrifugal concentrator devices (Amicon;
Millipore, Bedford, MA). Glycerol was added to 5% before
aliquoting and freezing.

Preparation of iodixanol gradient-purified vector

Large-scale vector preparations were made as described by
Lock et al. (2010a). Polyethylenimine (PEI)-based transfections
were performed in 10-layer cell stacks containing 75% conflu-
ent monolayers of HEK293 cells. Ten liters of feedstock culture
medium from the cell stacks was clarified and then concen-
trated by tangential flow filtration. The concentrated clarified
feedstock was purified over iodixanol (Optiprep; Sigma-
Aldrich, St. Louis, MO) gradients. All fractions directly below a
visible contaminating protein band were collected and pooled.
Pooled fractions were combined, diafiltered against 10 vol-
umes of PBS–35 mM NaCl, and then concentrated 4-fold to
*10 ml by tangential flow filtration. Glycerol was added to the
diafiltered, concentrated product to 5% final and the prepara-
tion was aliquoted and stored at - 80�C.

Vector genome titration (qPCR)

DNase I-resistant vector genomes present in purified
vector preparations and fast protein liquid chromatography
(FPLC) fractions were titered by TaqMan PCR amplification
(Applied Biosystems, Foster City, CA), using primers and
probes directed against the polyadenylation signal encoded
in the transgene cassette.

Vector purity

The purity of gradient fractions and final vector lots was
evaluated by sodium dodecyl sulfate–polyacrylamide gel
electrophoresis (SDS–PAGE) and proteins were visualized
with SYPRO ruby stain (Invitrogen, Carlsbad, CA) and ul-
traviolet excitation. Purity relative to nonvector impurities
visible on stained gels was determined with GeneTools
software (Syngene, Frederick, MD).

Electron microscopy

Particle content of vector preparations was assessed by
negative staining and electron microscopy. Copper grids
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(400-mesh coated with a formvar–thin carbon film; Electron
Microscopy Sciences, Hatfield, PA) were pretreated with 1%
Alcian blue (Electron Microscopy Sciences) and loaded with
5 ll of vector preparation. The grids were then washed,
stained with 1% uranyl acetate (Electron Microscopy Sci-
ences), and viewed with a Philips CM100 transmission
electron microscope. Empty-to-full particle ratios were de-
termined by direct counting of the electron micrographs.

Ion-exchange particle assay

All chromatography studies were performed with an
ÄKTAFPLC system (GE Healthcare Life Sciences, Piscat-
away, NJ) fitted with a 10-ml Superloop, Unicorn software,
and a 0.34-ml CIM-QA monolithic disk (Bia Separations,
Ajdovscina, Slovenia). An amount equivalent to 1 · 1012 to
5 · 1012 genome copies (GC) of full AAV8 vector prepara-
tions (lot nos. V0083 and CS0010) and/or 75 ll of an empty
AAV8 vector preparation (lot no. Z4033) were brought to
10 ml in 20 mM Bis-Tris propane (BTP, pH 9.0)–50 mM NaCl
and injected into the Superloop. The sample was loaded to
the CIM-QA disk at 3 ml/min and washed through with 10
column volumes of 20 mM BTP (pH 9.0)–50 mM NaCl. In the
initial binding studies, elution was performed over 20 col-
umn volumes with a 50–150 mM NaCl gradient in 20 mM
BTP (pH 9.0), but thereafter was achieved with an 80–
115 mM NaCl gradient. All elutions were followed by a 10
column volume high-salt wash (1 M NaCl) in the 20 mM BTP
(pH 9.0) buffer. One-milliliter fractions were collected
throughout the runs and were analyzed for vector genome
copies by qPCR. Elution peaks were integrated, using the
Unicorn software evaluation module (GE Healthcare Life
Sciences), and the resulting peak areas were used to deter-
mine particle ratios. Baselines were calculated according to a
morphological algorithm, the default algorithm for the Uni-
corn software. This algorithm can be described as a line that
follows the chromatogram parallel to the x axis. Data points
for the baseline are created whenever the line touches the
curve, and the points are joined at the end to create the
baseline. The algorithm searches for all parts of the source
curve where the curve parts come into contact at both ends
of a horizontal line of a defined length and the center point of
the line defines the data point.

Results

Differential elution of empty and full AAV8 vector
preparations from CIMQA monolith media using
shallow gradients

Conditions to bind and elute purified AAV8 preparations
to and from various quaternary amine (QA) strong anion
exchangers were initially determined by FPLC scouting runs
(data not shown). The consensus of these experiments was
that relatively high pH (pH 9.0) and low ionic strength
(50 mM NaCl) facilitated binding while a shallow gradient
(50–150 mM NaCl over 20 column volumes) was optimal for
elution. Monolith-based convective interaction chromatog-
raphy media (CIM; Bia Separations) have been specifically
designed to separate large biomolecules such as viruses at
high flow rates while retaining a high degree of resolution.
The strong anion-exchange version of this type of medium
(CIM-QA) was therefore a logical choice to attempt the

robust separation of empty and full AAV8 particles at an
analytical scale.

For the initial AAV8 vector binding experiments using
CIM-QA, two cesium chloride gradient-purified prepara-
tions were employed. The first preparation (lot no. V0083)
was produced by a standard calcium phosphate-based triple
transfection procedure and was therefore considered a ‘‘full’’
vector preparation with the majority of particles expected
to contain the vector genome. The second preparation (lot
no. Z4033) was produced in a similar way except that the
vector genome (cis) plasmid was omitted, and this lot was
expected to contain mostly empty particles. A high degree of
purity is required for FPLC analysis such that contaminant
proteins do not overly complicate the chromatograms and
significantly contribute to vector peak volumes. SDS–PAGE
analysis of the two vector preparations showed that each
preparation was relatively pure although the empty vector
(Z4033) did show some minor low molecular weight con-
taminant bands (Fig. 1). To confirm the empty/full nature of
the particles, the preparations were negatively stained and
analyzed by electron microscopy (Fig. 2). By this analysis, lot
no. V0083 was estimated to contain 93.7% full particles. The
electron micrograph of lot no. Z4033, on the other hand, was
less easily interpreted; a majority of the particles appeared to
be empty, as would be expected considering the omission of
the vector genome plasmid during production; however,
some particles appeared to exclude the negative stain and
were therefore considered full, and a subset of particles was

FIG. 1. Purity of AAV vector stocks. 1.6 · 1010 GC of AAV8
vector preparations (full: lot nos. V0083 and CS0010) and
approximately 2.6 · 1010 empty particles (lot no. Z4033) were
loaded onto an SDS–polyacrylamide gel; proteins were vi-
sualized by SYPRO ruby staining. The AAV capsid proteins
(VP1, VP2, and VP3) are indicated. Lane 1, molecular weight
marker; lane 2, lot no. V0083 (CsCl purified, full); lane 3, lot
no. CS0010 (iodixanol purified, full); lane 4, lot no. Z4033
(CsCl, empty).
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incompletely stained, making them difficult to characterize.
One explanation for the presence of what appeared to be full
particles in lot no. Z4033 is that extraneous DNA (e.g.,
plasmid) was packaged at a low level as has been published
previously (Chadeuf et al., 2005; Halbert et al., 2011). A fur-
ther subset, also present, consisted of empty particles that
were considerably smaller than the true empty particles, but
had apparently migrated to the same position on isopycnic
CsCl gradients; these may represent self-assembly interme-
diates. The general difficulty encountered in characterizing
the particle types in the Z4033 electron micrograph can be a
recurrent problem with EM-based determination of empty-
to-full particle ratios and is one reason why this method is
considered to be inconsistent.

Using the binding/elution conditions previously deter-
mined for other strong anion exchangers, 1 · 1012 GC of the
‘‘full’’ vector (lot no. V0083) was loaded onto a 0.34-ml CIM-
QA disk and subsequently eluted as described in Materials
and Methods; the chromatographic trace of this experiment
is shown in Fig. 3b. A large, prominent peak observed in the
elution gradient corresponded with collected fractions con-
taining greater than 99% of the vector genome load; this peak
was therefore considered to represent full particles (Fig. 3b).
A similar peak was also observed in the elution gradient
when the ‘‘empty’’ vector (lot no. Z4033) was run under the
same conditions (Fig. 3a). Overlaying the two chromato-
grams, however (Fig. 3c), demonstrated that the empty
vector peak preceded the full vector peak and indicated
chromatographic separation of the empty and full particle
species. Interestingly, small peaks were seen either preced-
ing the full peak or tailing the empty peak; these minor
peaks directly coincided with the relative retention volumes
of the major empty and full peaks, respectively, and indi-
cated contamination of each type of particle preparation
with low levels of the other particle type. Other minor
peaks, especially in the case of the empty vector preparation,
were observed during the high-salt wash and most likely

represented the low molecular weight contaminant bands
visible on SDS–polyacrylamide gels (Fig. 1).

Separation of a mixture of empty and full AAV8 vectors
and quantification of relative particle amounts

Having demonstrated differential retention of what were
considered to be full and empty AAV8 vector particles on
CIM-QA medium, our next questions were, first, whether a
mixture of these two types of particle could be readily sep-
arated and, second, whether the relative amounts of each
could be quantified. On the basis of the retention volumes of
the two particle types in our initial runs, an attempt was
made to improve resolution of the peaks by further shal-
lowing the elution gradient to 80–115 mM NaCl over 20
column volumes. Lot no. V0083 (full) was run under these
conditions and a chromatographic profile similar to the
previous run with the steeper elution gradient was observed
(Fig. 4a). Despite the employment of a shallower gradient, no
dramatic improvement in peak resolution was observed.
Nevertheless, the separation was judged sufficient for the
purpose of relative quantification and the area under these
peaks was determined by integration. An empty (minor
peak)-to-full (major peak) ratio of 0.016 was calculated and
both this ratio and the calculated empty particle percentage
(1.6%) were slightly lower than the corresponding ratio and
empty percentage determined by EM analysis (0.067 and
6.28%, respectively).

An arbitrary volume (75 ll) of the ‘‘empty’’ preparation
(lot no. Z4033) was then mixed with 1 · 1012 GC of V0083,
bound to CIM-QA, and eluted with the 80–115 mM NaCl
gradient (Fig. 4b). Two clearly distinguishable peaks were
obtained with retention values that mirrored those obtained
when the two lots were run separately on CIM-QA medium.
The second peak, which had a retention volume similar to
that of the full vector preparation (22.5 ml), contained > 99%
of the loaded vector genomes as determined by qPCR.

FIG. 2. AAV8 vector particle analysis
by electron microscopy. rAAV8 vector
preparations were negatively stained
with uranyl acetate and examined with
a transmission electron microscope.
The lot number is indicated on each
image. Empty particles can be distin-
guished on the basis of the electron-
dense center and are indicated by
arrows. Where possible, the ratio of
empty to full particles and the per-
centage of empty particles are shown
below the images.
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This result confirmed the chromatographic elution position
of the empty particle peak as preceding the full peak and
demonstrated separation of a mixture of empty and full
AAV8 vector particles in a case in which the relative amount
of empty particles was high (calculated as 34%).

Analysis of AAV8 vector preparations purified
from supernatant by an iodixanol gradient

To demonstrate the utility of the new analytical ion-
exchange (IEX) particle assay for AAV8 vector produced
by alternative processes, a set of experiments was initiated
with vector purified from production culture supernatant
by tangential flow filtration and iodixanol gradients (Lock
et al., 2010a) (Fig. 5). Lot no. CS0010 was produced in this
way and was shown to be greater than 95% pure by SDS–
PAGE analysis (Fig. 1). An amount equivalent to 5 · 1012

GC was loaded onto the CIM-QA disk and eluted with the
same gradient previously used for the CsCl gradient-
purified material (Fig. 5a). Despite loading five times more
material than in the previous runs, major and minor peaks
with retention volumes (20.6 and 22.2 ml, respectively)
strikingly similar to those obtained previously (20.54 and
22.47 ml) were seen. The major (full) peak was broader than
in previous runs (in which less material was loaded) and
encroached on the minor peak to some extent. Never-
theless, integration of peak areas was possible and the
calculated empty-to-full ratio and empty particle percent-
age were close to those values determined by EM (Figs. 2
and 5a: empty-to-full ratios, 0.05 [EM] and 0.026 [CIM-
QA]; percentage empty, 4.5% [EM] and 2.5% [CIM-QA]).
Finally, in an experiment similar to that run with the CsCl
gradient-purified vector, 1 · 1012 GC of lot no. CS0010 was
mixed with the empty particle preparation (Z4033) and run

a b

c

FIG. 3. IEX particle assay. (a) Seventy-five microliters of an empty particle AAV8 preparation (lot no. Z4033) was loaded
onto a 0.34-ml CIM-QA disk, using FPLC, and eluted with a 50–150 mM salt gradient. The y axis shows the absorbance
(mAU) at 280 nm and the x axis the elution volume (ml). The detected conductivity and absorbance are represented by solid
light and dark blue lines, respectively. The vertical dashed pink line represents the point of vector injection. (b) A full AAV8
vector preparation (lot no. V0083, 1 · 1012 GC) was run under the same binding/elution conditions as used for the empty
particle preparation. Fractions were quantified for vector GC content and those fractions containing > 99% of the loaded
material are indicated (shaded box). (c) An overlay of the elution profiles of the empty and full AAV8 vector preparations is
shown.
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on the CIM-QA disk (Fig. 5b). The empty and full peak
retention volumes remained constant with respect to those
observed previously with the mixture of V0083 and Z4033
(Fig. 4b) and with CS0010 alone (Fig. 5a). These results
confirmed the consistency of the IEX assay and the appli-
cability to vector preparations made by separate produc-
tion processes.

Discussion

As the use of AAV vectors for gene therapy and other
applications progresses to late-stage clinical trials and be-
yond, the need for highly robust, reproducible, and sensitive
assays for production monitoring and final release will es-
calate. Many AAV-specific assays date from the early days of
research in the field and may not be best suited for the rig-
orous standards of GMP production. With these limitations

in mind, we have sought new and more sophisticated ap-
proaches to vector release assays.

In this study, we have employed the resolution proper-
ties of monolith anion-exchange chromatography media to
analyze particle content of AAV8 vector preparations by
separating empty and full AAV8 particles on the basis of
charge. The use of automated FPLC equipment has resulted
in reproducible assay runs and consistent retention volumes
such that the two particle species can be readily identified
and the relative amounts of each precisely quantified
through integration of peak areas. The empty-to-full parti-
cle ratios obtained by the new method are in close agree-
ment with ratios determined by EM analysis. Unlike
previously published particle assays, the IEX-based method
described here requires little in the way of sample prepa-
ration or special reagents and eliminates interpretative
counting and compounded errors.

a b

FIG. 4. Quantification of relative empty-to-full particle content in a CsCl gradient-purified AAV8 vector preparation. (a)
A full AAV8 vector preparation (lot no. V0083, 1 · 1012 GC) was loaded onto a 0.34-ml CIM-QA disk and eluted with an 80–
115 mM salt gradient. The y axis shows the absorbance (mAU) at 280 nm and the x axis the elution volume (ml). The
detected conductivity and absorbance are represented by solid light and dark blue lines, respectively. Peak retention
volumes are indicated by numbers on the dark blue trace on the chromatograph and in the table (bottom). Peak areas and
heights in the table were determined by integration, using the Unicorn evaluation module; baselines calculated according
to a morphological algorithm are shown as a red line. The peak areas were used to calculate the ratio of empty to full
particles and percentage of empty particles. Fractions were quantified for vector GC content and those fractions containing
> 99% of the loaded material are indicated (shaded box). (b) A mixture of 75 ll of empty AAV8 particles (lot no. Z4033) and
1 · 1012 GC of a full AAV8 vector preparation (lot no. V0083) was run under the same conditions and the peaks were
evaluated identically.
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Although not directly addressed in the current study, the
ability to quantify particle numbers in AAV8 vector prepa-
rations, using the IEX particle assay, should be entirely fea-
sible through the use of a known standard such as the AAV8
reference material currently undergoing characterization
(Moullier and Snyder, 2008). In addition, adaptation of the
new assay to serotypes other than AAV8 is possible because
the separation of empty and full particles of different sero-
types (AAV2 and AAV6) has been described (Qu et al., 2007)
and the purification of most AAV serotypes by ion-exchange
chromatography has been demonstrated (Brument et al.,
2002; Kaludov et al., 2002; Davidoff et al., 2004; Okada et al.,
2009; Zhou et al., 2011). A wide range of CIM monolith
media with different chemistries is available and should
permit the adaptation of published methods for the purpose
of developing IEX particle assays for other serotypes.

Although the advantages of the IEX particle assay are nu-
merous, some limitations exist. Chief among these is the ability
of protein contaminants to influence particle peak size and
hence distort the particle ratios obtained. Separation of protein
contaminants in the high-salt wash was noted, especially in the

case of lot no. Z4033 (Figs. 3–5), but the presence of additional
minor contaminants migrating with the AAV particles in the
elution gradient is difficult to rule out. For this reason, the assay
is not ideally suited for in-process monitoring but is best ap-
plied to final products with a high degree of purity. Another
issue with the IEX assay is the degree of resolution between
empty and full peaks, especially if higher quantities of material
are assayed, leading to broadening of peaks. Although some
attempt was made to improve resolution through the appli-
cation of increasingly shallow gradients, complete separation
was not obtained (Figs. 4 and 5). Because we were concerned
mostly with relative quantification of the two peak sizes and
not absolute quantification, the peak overlap was not consid-
ered detrimental to our purposes. However, when absolute
quantification of particle numbers is desired, further optimi-
zation by standard chromatographic practices will be neces-
sary in order to achieve complete peak resolution.

In summary, an anion exchange-based particle assay for
the relative quantification of empty and full particle content in
an AAV8 vector preparation has been developed. The repro-
ducibility, simplicity, and speed of the IEX particle assay are

a b

FIG. 5. Quantification of relative empty-to-full particle content in an iodixanol gradient-purified AAV8 vector preparation.
(a) A full AAV8 vector preparation (5 · 1012 GC) purified by iodixanol gradients (lot no. CS0010) was loaded onto a 0.34-ml
CIM-QA disk and eluted with an 80–115 mM salt gradient. The y axis shows the absorbance (mAU) and the x axis the elution
volume (ml). The detected conductivity and absorbance are represented by solid light and dark blue lines, respectively.
Calculated baselines are represented as a red line. Peak retention volumes, peak areas, and GC content of fractions were
determined as described in the legend to Fig. 4. (b) A mixture of 75 ll of empty AAV8 particles (lot no. Z4033) and 1 · 1012 GC
of lot no. CS0010 was run under the same conditions and the peaks were evaluated identically.
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distinct improvements on currently available methods and
render it suitable as a release assay for clinical-quality AAV8
vectors.
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