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ry friendly pH-gradient anion
exchange chromatography for the separation of
full and empty adeno-associated virus (AAV)
capsids†

Felipe Guapo, ‡a Florian Füssl,‡a Lisa Strassera and Jonathan Bones *ab
The proportion of full and empty capsids represents a critical quality

attribute of adeno-associated virus (AAV)-based therapeutics. In this

study, pH-gradient anion exchange chromatography was utilized for

the separation of full and empty capsid species. The developed

method allowed for applicability to multiple AAV serotypes and facil-

itated subsequent mass spectrometric detection of intact AAVs. This is

the first study demonstrating generic applicability as well as mass

spectrometric compatibility, allowing for amore sophisticated analysis

of AAV-based gene therapy and paving the way for future develop-

ments in the field.
Adeno-associated virus (AAV) has become a widely popular
vector for therapeutic gene delivery.1–3 Twelve AAV serotypes,
which are well characterized in terms of tissue tropism and
transduction efficiency, allow for directed administration into
target tissue.4 AAVs are composed of a capsid, which is assem-
bled through multiple copies of three viral capsid proteins (VP1,
2 and 3) and equipped with single stranded DNA as transgene,
which is meant for delivery into patient cells.5 During produc-
tion, impurities can emerge which lack the desired therapeutic
properties. A common impurity which can account for more
than 98% of the total of particles produced are capsids that have
failed to package the gene of interest, rendering them thera-
peutically incompetent.6,7 While in some scenarios these by-
products can attract anti-AAV antibodies, thus acting as
decoys, their presence inevitably necessitates the administra-
tion of higher doses of preparations to achieve a desired
atory, NIBRT – The National Institute for

r Avenue, Mount Merrion, Blackrock, Co.

n.bones@nibrt.ie; Tel: +353 1215 8100.

rocessing, University College of Dublin,

(ESI) available: Experimental details;
in AAV sample mixtures; run-to-run
full/empty mixture. See DOI:

–5792
therapeutic effect, fuelling the risk of dose-dependent immu-
nogenic and cytotoxic responses.8,9 In consequence, AAVs
require characterization aer production and before patient
treatment to allow for evaluation and adjustment of the nal
particle composition. Despite being time consuming and
requiring relatively large amounts of material, analytical ultra-
centrifugation (AUC) is still considered the gold standard for
the characterization of the AAV particle composition.10 An
alternative approach that has gained attention in recent years is
anion exchange chromatography (AEX). The basis for separa-
tion in AEX is a difference in the isoelectric point (pI) of full and
empty capsids of reportedly 0.4 units governed by the presence
or absence of DNA.11 This difference causes stronger retention
of the more negatively charged full species on the AEX phase
and later elution. Commonly, AEX is performed with a gradient
of increasing ionic strength of up to several 100 mM and oen
non-linear gradients containing isocratic holds to achieve
elution and separation.12–17 While the isoelectric points of
different AAV serotypes are in a similar region of around 6.3,
they tend to behave differently on AEX separation phases,
usually complicating the development of generically applicable
methods and gradients.11 Another bottleneck is the inability to
differentiate other impurities such as partially lled particles.18

The successful analysis of these forms was previously described
through AUC, mass photometry and charge-detection mass
spectrometry (CDMS).19–23 In this contribution, we aimed to
develop an AEX-based separation strategy that can overcome the
above discussed limitations, i.e., being generically applicable
and mass spectrometry friendly. AEX chromatography was
performed using a non-porous 3 mm particle column with
highly monodisperse packing properties, facilitating the sepa-
ration of large biomolecules with minimal Eddy-diffusion and
good mass transfer, which generated sharp peaks, high chro-
matographic resolution and high sensitivity. Ion exchange
chromatography can either rely on salt-gradient elution, pH-
gradient elution, or a mixture thereof. Recent literature
demonstrates that either mode can facilitate highly efficient
separations of proteins and their isoforms.24 While salt gradient
This journal is © The Royal Society of Chemistry 2023
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elution requires the use of a high ionic strength mobile phase,
pH-gradient elution does not, which is clearly favourable when
subsequent mass spectrometric interfacing is desired.25,26 It was
also shown that MS-friendly mobile phases of low ionic strength
can outperform conventional non-volatile salt or pH-gradient
separation systems in terms of separation performance,
hence, in this study we further expanded our use of pH-gradient
elution for complex biomolecule separation.24 Mobile phases
were developed that cover a wide pH-range to ensure sufficient
binding and elution of AAV5, 6 and 8, which were investigated
in this study.

Separation of full/empty mixtures of the three serotypes aer
gradient optimization are shown in Fig. 1. Notably, all serotypes
were analyzed using the same gradient, suggesting that the
chromatographic conditions might also be applicable to other
serotypes, albeit these were not investigated due to material
non-availability. All three AAVs elute late in the gradient which
is primarily caused by the high pH at the gradient start,
equivalent to amobile phase B concentration of 20%. Starting at
lower pH was investigated but resulted in insufficient column
binding or high run-to-run variability (Fig. S1, ESI†). The
developed gradient facilitated the separation of full and empty
capsids, represented by the two dominant peaks in each case, as
veried later. While AAV5 and 6 seem base line separated, AAV8
shows partial separation, a clear distinction of two discrete
peaks is however feasible. It should be mentioned that AAV6
benetted from separation at higher temperature which
signicantly improved peak shape and that a comparable
improvement was not observed for AAV5 and 8. Based on BLAST
alignment searches we were able to conclude that sequence
homology alone is not a reliable predictor for the optimum
separation temperature. The mobile phases used were of low
ionic strength and composed of MS-friendly components only,
allowing for subsequent mass spectrometric interfacing if
desired. Despite the relatively low ionic strength and limited
buffering capacity, full column equilibration was achieved in 12
minutes. A ow rate of 0.2 mL min−1 was employed, which
allowed for swi column equilibration as well as full
Fig. 1 Separation of AAV5, 6 and 8. The two dominant peaks in each
chromatogram represent full and empty capsid species. The mobile
phase gradient is indicated in yellow.

This journal is © The Royal Society of Chemistry 2023
desolvation of the LC effluent in the MS interface in case of
mass spectrometric hyphenation. Details describing experi-
mental procedures can be found in the ESI.† Aer initial
method development, the quality of the separations was further
investigated. Elution order was determined rst by the injection
of full and empty material independently, in addition to the
mixtures shown in Fig. 1. The resulting chromatograms are
depicted in Fig. 2. In pH-gradient AEX a starting mobile phase
pH is chosen where all analytes are negatively charged and
initially bind to the column. During a gradient from high to low
pH, analytes successively elute off the column as the mobile
phase pH equals their respective pI's, facilitating separation. In
all cases, surprisingly, full capsids were eluting rst, which is
counterintuitive considering the apparently higher pI of the
empty particle and contrary to what is reported in literature for
salt-gradient mediated elution.

We propose that the acidic mobile phase pH at the end of the
gradient results in a conformational change, thus altering the
surface charge distribution of the particles and in consequence
their pI. VP 1 was previously reported to undergo structural
changes if subjected to heat stress or low pH.11,27 The N-terminal
phospholipase A2 domain of the capsid protein was shown to
undergo a reversible unfolding/refolding process at a pH of 5.5–
4.0 which leaves the capsid intact. The authors of the study
speculated that the underlying mechanism was charge repul-
sion between the N-terminal domain, internal capsid residues
and DNA, which leads to externalization of the phospholipase
A2 domain.11 This process almost certainly triggers changes in
the surface charge distribution of the capsid and most likely
plays out differently under a complete absence of cargo DNA. It
is conceivable that sequence and size of the cargo DNA impact
the magnitude of this structural change and that different
transgenes could be associated with different retention behav-
iour in chromatography, which was however not investigated in
the current study. Interestingly, full/empty samples showed
high variability in their proportions of full and empty capsids,
despite being all based on theoretical 1 : 1 mixtures (Fig. 1 and
2, top panel). Calculations of the full-to-empty ratios revealed
that samples did not perfectly represent the expected propor-
tions. AAV6 shows the largest discrepancy with the empty
particles making up a total of 77.2 instead of 50% of capsids in
the sample (Table S1, ESI†). Injections of individual species
shown in Fig. 2 (mid and lower panels) clearly demonstrate that
the reason is insufficient purity of commercially sourced
material, especially the full capsid samples. Analysis-related
bias can be ruled out as results obtained for AAV5 were
benchmarked against and showed excellent correlation to
previously conducted CDMS experiments (Fig. S2, ESI†). In
terms of chromatographic performance, it appears that the
different capsid ll states of AAV5 are best separated, followed
by AAV6 and AAV8. AAV8 moreover shows an increased peak
width when compared to serotypes 5 and 6. Calculated chro-
matographic resolution for each separation supports these
ndings (Table 1). With an experimentally determined chro-
matographic resolution of 4.30, AAV5 shows the highest reso-
lution between full and empty capsid peaks followed by AAV6
with a calculated resolution of 2.99. AAV8 is not visibly baseline
Anal. Methods, 2023, 15, 5788–5792 | 5789
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Fig. 2 Chromatograms obtained by AEX of AAV5, 6 and 8 of full and empty capsids as well as of a mixture, respectively. Full capsid samples are
indicated by the capsid schematic containing a DNA strand whereas for empty capsid samples the schematic appears empty. For better visu-
alization, only retention time regions of interest are presented.

Table 1 Chromatographic resolution and peak capacity calculated for
the full/empty separation of AAV5, 6 and 8. Shown values represent the
average of triplicate measurements

Serotype Resolution Peak capacity

AAV5 4.30 63.5
AAV6 2.99 56.8
AAV8 1.05 31.6
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separated which is reected by a chromatographic resolution of
1.05. Calculated peak capacities follow the same trend with
AAV5 showing a value of 63.5, followed by AAV6 with 56.8 and
lastly AAV8 with 31.6, which was expected given the visibly
broader peaks.

Also run-to-run variability was evaluated and was found
negligible for retention time with relative calculated standard
deviations of below 0.1% for full and empty capsid peaks of all
three AAVs tested (Table S2, ESI†). Relative standard deviations
of peak areas were higher, in a range of 1 to 5%. The largest
deviation was observed for AAV6 (4.79%). It should be noted
that AAVs are prone to non-specic adsorption to solid surfaces
which can occur throughout all stages of production and
characterization.28 Materials that were shown to retain AAV
particles include plastics, stainless steel and importantly also
glass, the material here used to contain AAV samples in the LC
autosampler. Variations in peak area potentially result from
adsorption to the HPLC vial, rather than being method related,
which is also supported by the observed run-to-run decrease in
the uorescence response, as depicted in Fig. S3 (ESI).†
Furthermore, AAVs reportedly experience diluent dependent
sample degradation over time, which can be a factor contrib-
uting to the variation seen.32 AAV6 is shown as an example, the
uorescence signal can be seen to slightly decrease from run 1
5790 | Anal. Methods, 2023, 15, 5788–5792
to 2 and from 2 to 3. Moreover, it appears as if the extent of
adsorption is not the same for full and empty species with the
full particle peak showing a more pronounced signal loss over
time.

Aer investigation of the chromatographic performance,
mass spectrometric interfacing was explored by coupling the
separation system to a Thermo Scientic Q Exactive UHMR
mass spectrometer with a mass range adequate for the analysis
of macromolecules in the megadalton range. While previous
investigations show that native mass spectrometry does not
reliably facilitate mass determination of AAVs, literature
suggests that full and empty particles carry the same extent of
positive charges aer ionization.29 Consequently, their MS
signals appear in different regions in the m/z domain,
depending on whether they carry cargo DNA or not, allowing for
their discrimination.30 Fig. 3a shows the total ion current
chromatograms (TICCs) of the three AAV full/empty mixtures
corresponding to separations in Fig. 2. Clear MS signals were
obtained in all cases with AAV5 and 6 showing good signal
intensity while the intensity of AAV8 appeared lower. This was
to some extent also observed in uorescence traces in Fig. 2,
likely caused by the increased peak width of that particular
serotype.

Other contributing factors could be a higher non-specic
adsorption of AAV8 to surfaces or lower MS ionization and ion
trapping efficiencies when compared to the other two serotypes
investigated. Nonetheless, the MS signal strength allowed for
collection of useful mass spectra also for AAV8.

Fig. 3b shows the mass spectra corresponding to peaks in A
aer peak integration and spectral averaging. In all cases
spectra of the earlier eluting peak appeared in a m/z region of
around 30 000 while spectra from the later eluting peak were
centered at around 22 500 m/z. Assuming a similar molecular
charge aer MS ionization, the earlier eluting peak must
This journal is © The Royal Society of Chemistry 2023
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Fig. 3 (a) TICCs corresponding to full/empty fluorescence traces
shown in Fig. 2, a magnification of the retention time region of interest
is presented. Peaks corresponding to full particles are labelled in blue,
peaks corresponding to empty capsids are labelled in red. (b) Associ-
ated native mass spectra obtained after integration of peaks labelled in
(a). The colour coding is in line with (a).
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contain species of signicantly higher molecular mass which
can of course be explained by the presence of cargo DNA, adding
an additional mass of approximately 0.8 MDa. As was already
anticipated, the complexity of the samples did not allow for
deconvolution and mass determination but indeed for a clear
differentiation of full and empty capsids, also conrming the
elution order previously determined based on injection of
individual full and empty samples (Fig. 2).

The presented method allows for the pH-gradient separation
of full and empty capsids of multiple AAV serotypes based on
MS-friendly anion exchange chromatography. Fluorescence
signals can be utilized to precisely quantify full and empty
capsid proportions while subsequent mass spectrometric
interfacing allows for peak assignment. Further investigations
will be needed to better understand the relationship between
AAV structure, including type of the transgene encapsidated
and retention behaviour. Recently, interfacing of liquid chro-
matography to CDMS was demonstrated for the rst time.31

While native MS did not allow for precise mass determination
and the distinction of possibly present forms other than full
and empty species, CDMS might very well be capable of doing
so. Whether liquid chromatography in combination with CDMS
is feasible for highly heterogeneous macromolecules such as
AAVs still needs investigation, but the foundation has been laid
This journal is © The Royal Society of Chemistry 2023
for the development of more sophisticated and informative AAV
characterization strategies which are based on liquid chroma-
tography and mass spectrometry.
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