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Recombinant adeno-associated viruses (rAAVs) are promising
gene delivery vectors in the emerging field of in vivo gene ther-
apies. To ensure their consistent quality during manufacturing
and process development, multiple analytical techniques have
been proposed for the characterization and quantification of
rAAV capsids. Despite their indisputable capabilities for
performing this task, current analytical methods are rather
time-consuming, material intensive, complicated, and costly,
restricting their suitability for process development in which
time and sample throughput are severe constraints. To elimi-
nate this bottleneck, we introduce here an affinity-based
high-performance liquid chromatography method that allows
the determination of the capsid titer and the full/empty ratio
of rAAVs within less than 5 min. By packing the commercially
available AAVX affinity resin into small analytical columns, the
rAAV fraction of diverse serotypes can be isolated from pro-
cess-related impurities and analyzed by UV and fluorescence
detection. As demonstrated by both method qualification
data and side-by-side comparison with AAV enzyme-linked
immunosorbent assay results for rAAV8 samples as well as
by experiments using additional rAAV2, rAAV8, and rAAV9
constructs, our approach showed good performance, indicating
its potential as a fast, simple and efficient tool for supporting
the development of rAAV gene therapies.
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INTRODUCTION
With approval from the EuropeanMedicines Agency, the first recom-
binant adeno-associated virus (rAAV)–based gene therapy product,
Glybera, was introduced to the market in 2012, offering treatment
for lipoprotein lipase deficiency.1 It was followed by Luxturna in
2017, a medication against an inherited form of retinal dystrophy, be-
ing the first rAAV gene therapy product approved by the US Food
and Drug Administration. Due to its lack of pathogenicity, the ability
to transfer genes into nondividing and proliferating cells,2,3 and the
advantage of specific gene delivery to distinct tissues using different
serotypes,4–6 rAAVs represent a promising gene delivery system in
the emerging field of gene therapies.7,8 Wild-type AAV (wtAAV) is
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a member of the Parvoviridae family. For replication, wtAAV is
dependent on adenovirus. In recombinant production of rAAVs, a
helper plasmid containing the replication genes of adenovirus is ad-
vantageously used. This minimizes the risk of the coproduction of
competent rAAV in a target product. Approximately 60 viral proteins
of three structural types (VP1, VP2, and VP3) assemble in a ratio of
1:1:10 to form an �26-nm nonenveloped capsid with T = 1 icosahe-
dral symmetry.9,10 The capsid incorporates a 4.7-kb single-stranded
DNA (ssDNA) that codes for proteins for its replication as well as en-
capsidation, and is flanked by inverted terminal repeats (ITRs).11 For
therapeutic use, the genetic information between the ITRs is replaced
by the gene of interest.

The incorporation of the genome during the replication cycle of both
wtAAVs and rAAVs is inefficient and results in a high number of
empty capsids, which can be problematic.12 They show potential
negative effects on gene transduction efficiency and can trigger anti-
capsid T cell immunity by an increased total capsid load.13,14 How-
ever, it was shown that nonfilled capsids can be used as a decoy for
preexisting humoral immunity, depending on the patient’s anti-
AAV antibody level.15,16 Considering their important role, the
amount of filled capsids (%Full) is generally regarded as a critical
quality attribute for rAAV products.17,18

Besides controlling the full/empty (F/E) ratio, further challenges
arising from the biotechnological production of rAAVs include low
product titers, complexity of the product, and a lack of scalability of
existing methods. Consequently, there is a high demand for suitable
analytical tools to evaluate both product quality and efficiency of up-
stream- and downstream-processing steps. Several methods have
been described in this context. Analytical ultracentrifugation (AUC)
is widely regarded as the gold standard for precise capsid
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characterization, with the ability to discriminate between empty,
partially filled, and full capsids.19,20 On the downside, it requires
long processing times, trained personnel, and is limited to low
throughput. More recently, mass photometry was introduced as a po-
tential alternative to differentiate empty, partially, and normally filled
capsids of different serotypes, making it a promising tool for the
extended characterization of rAAVs.21 The missing ability to perform
high-throughput measurements continues to present a bottleneck in
process development, however.

The combination of real-time quantitative/(droplet) digital PCR
(qPCR or (d)dPCR) and AAV ELISA is a common orthogonal
approach to derive the F/E ratio. For this, AAV ELISA determines
the capsid titer, representing the amount of all intact viral capsids,
based on a calibration curve using commercially available ELISA
kits. Due to the narrow calibration range, usually using concentra-
tions between 1� 108 and 1� 109 capsids/mL (cp/mL),22 several dilu-
tion steps are required for highly concentrated samples with a poten-
tial impact on the reproducibility of the method. Together with q/(d)
dPCR,23 which is used to quantify the genetic payload, this approach
is time-consuming and shows rather low accuracy, with reported co-
efficients of variation up to 36%.17

High-performance liquid chromatography (HPLC)-based methods
are increasingly implemented as appealing alternatives due to their
proven suitability in the pharmaceutical industry. Among these
methods, size exclusion chromatography coupled to multiangle light
scattering detection (SEC-MALS) has been widely implemented for
titer and F/E ratio estimation,24 with the drawback of a rather time-
intensive data evaluation procedure and the need for relatively pure
samples and high titers. Alternatively, anion exchange chromatog-
raphy (AEX) permits the chromatographic separation of empty and
full capsids based on the charge differences of the respective capsids.
This is commonly combined with UV or fluorescence detection,25 the
latter allowing the measurement of low-concentration samples and
reducing the sample consumption per measurement. Although the
applicability of AEX has been demonstrated for different serotypes,
sufficient separation of F/E capsids remains a challenging task and re-
quires relatively long gradients, amounting to total run times of more
than 18 min.26,27 Given the restraints of both SEC-MALS and AEX,
these methods are of limited availability for high-throughput testing.

To address these drawbacks, an affinity-based HPLC approach is
introduced in this study using the POROS CaptureSelect AAVX affin-
ity resin, which reportedly shows high affinity to various rAAV sero-
types.28,29 Using self-packed HPLC columns allows both the elution
of the rAAV fraction as a single peak and the subsequent column re-
equilibration within less than 5 min. Combined with intrinsic fluores-
cence and UV detection (260/280 nm), the method was applied to
determine both the capsid titer and the F/E ratio of different serotypes
without the need for physical separation of empty and full capsids. By
comparing the obtained results with reference ELISA measurements
for a sample set containing rAAV8 at different concentrations and
%Full as well as by testing other rAAV constructs, the suitability of
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the method was demonstrated, thus offering a simple and fast method
for high-throughput analysis.

RESULTS
Self-packed AAVX affinity column for rAAV analysis

Among different approaches, AAVX affinity chromatography holds
great promise as an efficient and versatile method for the initial purifi-
cation step in downstream processing of a broad range of rAAV sero-
types.29 AAVX applications are currently restricted to the (semi-)pre-
parative scale, because commercially available columns are limited to
maximum operating pressures of 30–40 bar and feature minimal col-
umn volumes (CVs) of at least 200 mL. To be applied for analytical
high-throughput purposes,we envisioned the use of short analytical col-
umns that are capable of eluting the rAAV fraction as a single peak and
subsequently reequilibrating the column within a few minutes.

To test the feasibility of this approach, a stainless-steel column
(2 � 20 mm) was packed with the AAVX resin by using a standalone
HPLC pump. With a total column volume of 60 mL, the self-packed
column allowed binding of at least 6 � 1011 capsids according to
the manufacturer’s specifications.30 Due to the specified pressure
limit of the AAVX resin (100 bar) and the relatively low backpressure
of the packed column, the flow rate of the method was set to a
maximum of 1.5 mL/min, which in turn allowed run times of less
than 5 min. Initial experiments using the self-packed column and
nonoptimized eluents (eluent A: 25 mM Tris, 150 mM NaCl, 2 mM
MgCl2, pH 7.4; eluent B: 100 mM citric acid, 2 mM MgCl2, pH 2.5)
indicated elution of the rAAV fraction as a sharp symmetrical peak
(data not shown), thus generally confirming the feasibility of our pro-
posed approach.

Optimization of HPLC method

During the initial experiments using the self-packed AAVX column,
the following technical challenges emerged, potentially affecting the
reliability of the method:

(1) undesired coelution of product-/process-related impurities (e.g.,
host cell proteins [HCPs], DNA) with the rAAV fraction due
to insufficient washing conditions;

(2) incomplete elution of the rAAVs from the column resulting in
carryover between runs and thus compromising the ability to
reliably quantify rAAVs;

(3) insufficient equilibration time of the column after elution
affecting rAAV binding of the next sample; and

(4) interference signals caused by switching from eluent A to eluent B
that coincided with the elution peak of the rAAV fraction,
thereby compromising data evaluation and increasing the limit
of quantification (LOQ).

To address these issues, we optimized the method by adjusting the el-
uents used, the flow rates, and the resulting run time.

The binding behavior between the target molecule and the affinity
ligand used can be generally modulated by altering the eluent
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Figure 1. Chromatograms for stock E (7.2 � 1012 cp/mL, empty capsids,

blue) and stock F (8.4 � 1012 cp/mL, 46.9%Full, brown)

Fluorescence emission at 330 nmwith an excitation at 280 nm (A), including a close-

up on peak apices (A1). (B) UV absorbance at 260 nm and (C) at 280 nm. The UV

traces show a significant baseline drift during elution (1.65–2.65 min) due to the

absorbance of buffer excipients.
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composition (e.g., pH, conductivity) during the chromatographic run.31

The binding of rAAVs onto the column is achieved at neutral pH con-
ditions (pH in the range of 6–8) in combination with relatively low salt
concentrations, and their elution takes place at low pH and/or high salt
molarities.30 Investigationof different eluent compositions revealed that
a pH of 2.5 (using glycine and citric acid as buffer system) in combina-
tionwith 250mMMgCl2 resulted in the complete elution of the rAAV8
fractions as a single sharppeak (Figure 1A: 1.8min), thereby eliminating
any issues with sample carryover between runs.

Coelution of non-rAAV-related molecules can arise from the interac-
tions of these components with the stationary phase (i.e., support ma-
trix and ligand), the HPLC/column hardware, or the bound rAAVs. To
exclude the occurrence of any nonspecific interactions between poten-
tial process-related impurities and the column, which could impair the
validity of the results, the supernatant of a HEK293 cell culture (lacking
rAAV capsids) was injected as a negative control. Because this sample,
containing a wide range of different endogenous proteins, yielded no
Molecular T
hints for any meaningful interactions with the column in the absence
of rAAV particles, 40 CVs of eluent A (corresponding to 1.5 min)
proved sufficient to reach baseline level in the fluorescence detector
(FLD) trace. For rAAV8 samples spiked with the cell culture superna-
tant of a mock HEK293 fermentation, a slight increase in the fluores-
cence signal in the elution peak was observed, which had a moderate
(<20%) impact on method accuracy. However, the resulting variability
is still in the range of comparable methods. It may be even further
reduced by optimizing the washing conditions after column loading,
because this effect can presumably be ascribed to promiscuous binding
between the loaded rAAVs and the endogenous proteins in the sample.

Furthermore, initial experiments showed a considerable loss in sam-
ple binding capacity during consecutive measurements. This led to
the assumption that some remnants of the elution buffer affect subse-
quent measurements. To overcome this issue, 37.5 CV eluent A
(1.4 min) was observed to be sufficient for column reequilibration,
thus allowing robust binding of rAAVs.

Changing from eluent A to eluent B during elution caused a system-
induced interference peak due to pressure fluctuations following the
valve switch. This peak coincided with the actual rAAV signal peak
and affected peak integration, especially in the UV trace because
UV detection was already impaired by low rAAV concentrations
and a baseline drift due to the solvents used (see also UV 260 nm
and 280 nm traces in Figures 1B and 1C). By increasing the flow
rate from 0 to 1.25 mL/min within 9 s after switching to 100% eluent
B, it was possible to separate the system-induced signal (Figures 1B
and 1C: 1.65 min) from the rAAV signal peak (1.8 min).

Titer determination by using intrinsic fluorescence

In general, protein fluorescence is achieved by exciting tryptophan resi-
dues at a wavelength close to 280 nm. With roughly 2% of the overall
amino acids in their primary sequence, tryptophan is remarkably abun-
dant in AAVs compared to other proteins. This makes detection via
intrinsic fluorescence a particularly attractive approach, especially in
viewof the relatively low concentrations of rAAVsamples.On thedown-
side, tryptophan fluorescence is notoriously sensitive to its environment,
because pH, temperature and polarity of the solvent potentially lead to a
change in the maximum emission wavelength and intensity.32

Previous experiments using excitation-emission matrix fluorescence
spectroscopy (data not shown) on rAAV2 and rAAV8 samples re-
vealed a maximum emission at �330 nm. This finding indicates
that some tryptophan residues are buried within the protein and
shielded from short-distance interactions with the aqueous solvent.33

The assumption is supported by the fact that neither the change of
solvents nor the presence of DNA payload showed an impact on
the emission wavelength.

To set the operating range of the affinity HPLCmethod, the sample in-
jection volume and fluorescence (FLR) sensor photomultiplier tube
(PMT) settingswere adjusted using a sample of stockE (titer concentra-
tion derived by SEC-MALS), such that approximately 90% detector
herapy: Methods & Clinical Development Vol. 31 December 2023 3
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Figure 2. Calibration plot for empty rAAV8 (stock E)

The expected capsid concentration derived by SEC-MALS is plotted against the

fluorescence response peak area. Ten samples spanning capsid titers from

7 � 1011 to 7 � 1012 cp/mL were injected and analyzed by affinity HPLC. Slope

(A = 2.3 � 1010) and intercept (B = �6.1� 1011) of the calibration plot were derived

from a linear fit.
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saturation was achieved. The resulting settings (PMT at 9 and an injec-
tion volume of 16mL) were subsequently used formethod qualification,
which included the measurement of 10 injection amount levels of stock
E, spanning from 7 � 1011 to 7 � 1012 cp/mL, both by preparing a
manual dilution series and by varying the injection volume in steps of
1.6 mL (Figure S1). For calibration, the expected capsid concentration
was plotted against the FLR signal peak area (FLRArea) (Figure 1A)
and the coefficient of determinationwas calculated by linearfitting (Fig-
ure 2; coefficient of determination [R2] = 0.997). In both cases, similar
results were obtained, rendering them equally suitable for calibration.
Moreover, we found that the chosen FLR PMT setting can be applied
for measurements within a range of one order of magnitude, with an
LOQ of 1.6 � 1010 capsids on column (1� 1012 cp/mL), representing
a typical rAAV titer range after downstream processing. Additional
triplicate measurements using different samples of rAAV8 at different
injection levels showed high agreement of the associated fluorescence
peak area with a relative standard deviation of 1.2%.

Using this calibration curve, the estimated capsid titer (titerest.) of a
sample was calculated with Equation 1:

titerest: = FLRArea � A+B (Equation 1)

Although we used samples with relatively high rAAV concentrations
to confirm the feasibility of the method, we additionally determined
the absolute LOQ experimentally. This was achieved by setting the
FLR detector PMT to 16 and applying a dilution curve ranging
from 3.5 � 109 to 7 � 1010 cp/mL, with an injection volume of
20 mL (Figure S2). By increasing the injection volume (e.g., to
200 mL), the obtained LOQ of 6.1 � 109 cp/mL can be theoretically
extended to capsid titers as low as 6.1 � 108 cp/mL. Consequently,
the presented method can be applied over a wide rAAV titer range,
underlining its suitability for the analysis of in-process controls.

Although the results from this approach were in accordance with
reference data for determining the capsid titer in empty rAAV sam-
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ples, a systematic underestimation of the capsid titer was found for
samples containing full virus particles. This effect was investigated
in the following section to establish a relationship between the ob-
tained fluorescence signal and the F/E ratio.
Signal correction for genetic payload containing capsids

The estimated capsid titers for both stock E and stock F (containing
46.9 %Full according to SEC-MALS) based on the calibration curve
(Figure 2) were compared with the data obtained by SEC-MALS,
ELISA, and a bicinchoninic acid (BCA) assay (Table 1).

Whereas SEC-MALS, ELISA, and BCA led to similar or even slightly
higher relative capsid titers for stock F compared to stock E (100%–
117%), the calculated titerest. using the affinity HPLC method differed
significantly (79%). This loss in the expected fluorescence signal was
found to linearly correlate with the amount of filled capsids (%Full).

Comparing the chromatograms of stock E and stock F (Figure 1), the
elution profiles were highly similar, meaning that both empty and
filled rAAVs bound to and eluted from the column in the same
manner. Furthermore, no additional peaks occurred during sample
loading, column washing, and equilibration, which would indicate
the loss of rAAVs. Because the affinity chromatography method
has the advantage to elute the rAAVs under steady conditions, the
decrease of FLR intensity in filled rAAV capsids can likely be ascribed
to the effect of the present DNA on the fluorescence signal. It was
therefore decided to determine a correction factor (CF) accounting
for the differences in the fluorescence response depending on the
F/E ratio. This was achieved by comparing the normalized fluores-
cence response of stock E and stock F to their respective SEC-
MALS references (see supplemental information). Using a Stern-
Volmer approach, the fluorescence loss of capsids containing DNA
payload was then estimated according to Equation 2:

titerSEC�MALS

titerest:
� 1 =%Full � CF (Equation 2)

By knowing the %Full of a sample and using titerest., it was possible to
calculate the corrected capsid titer. This approach was later confirmed
using different verification samples during method benchmarking
(Table 1).

The use of such a CF was justified by the fluorescence quenching prop-
erties ofDNAdue tomolecular interactionswith tryptophan residues as
well as its propensity to absorb exciting and emitted light, the latter
referred to as the innerfilter effect (IFE).34–36 Thus, althoughDNA itself
contributes only negligibly to intrinsic fluorescence compared to pro-
tein,32 there is still the possibility of impairing themeasured tryptophan
fluorescence. In this regard, the contribution of DNA to fluorescence
quenching and/or to an IFE potentially depends on factors such as
rAAV serotype, properties of the payload, and the sample matrix and
should be confirmed by appropriate control experiments. It is also
necessary to control the experimental settings potentially affecting the
er 2023



Table 1. Comparison of results by different analytical methods

Method

Sample

Stock E Stock F V 01 V 02 V 03 V 04 V 05

SEC-MALS

%Full 0.0 46.9 46.9a 0.0a 13.1a 36.5a 25.3a

Expected titer (cp/mL � 1012) 7.2 8.4 6.1a 1.4a 6.3a 4.8a 3.3a

Affinity HPLC

%Full 0 47 46 NA 14 41 24

Estimated titer (cp/mL � 1012) 7.0 5.6 4.3 1.4 6.1 3.8 2.7

Corrected titer (cp/mL � 1012)b 7.1 8.3 6.4 1.4 6.9 5.3 3.3

ELISA

Expected titer ( cp/mL � 1012) 10.0 10.0 7.3a 2.0a 8.4a 6.0a 4.2a

Obtained titer (cp/mL � 1012) 9.8 9.6 6.1 2.0 7.2 6.6 4.5

BCA

Protein concentration (mg/mL) 90.1 99.3 72.1 20.6 78.8 62.3 45.8

Estimated titer (cp/mL � 1012)c 14.7 16.2 11.7 3.5 12.8 10.1 7.5

NA, not applicable.
a%Full and expected titers are calculated based on their mixing ratios and the respective analytical results for stocks E and F.
bCorrected titers were calculated according to Equation 4.
cProtein concentrations in mg/mL were converted into capsid titers by assuming a molecular mass of the rAAV8 of 3.7 MDa.

www.moleculartherapy.org
fluorescence response during themeasurement, including differences in
buffer composition, pH, or temperature. Finally, the implications of
changes regarding the structure and stability of rAAVs during their
binding onto stationary phasesmust be evaluated to exclude ameaning-
ful impact on the fluorescence signal. Thus, we recommend that
applying a CF as introduced here should always be supported by suffi-
cient experimental proof to avoid overfitting of the generated data.

UV 260/280 ratio to estimate %Full

Because the %Full of a sample is the basis for using the introduced CF,
the UV 260–280 nm ratio (R260=280) of the elution peak was subse-
quently leveraged for its approximation.12 In general, DNA and
RNA exhibit their maximal absorption at a wavelength of 260 nm,
whereas proteins have their maximum at 280 nm. Thus, by acquiring
the absorbance values at both wavelengths, the relative amount of
DNA/RNA can be determined, which is translatable into the F/E ratio
of rAAV particles. However, this method is compromised by its low
specificity, because it is incapable of discriminating signals derived
from the rAAV capsids and process-related impurities, such as
DNA/RNA, HCPs, or other components originating from cell culture
harvest and lysis. For this reason, affinity chromatography coupled to
UV detection appears as a powerful combination because it enables
highly specific binding of the viral vectors while removing potential
contaminants.

To test the suitability of R260=280 measurements for F/E ratio determi-
nation in combination with affinity chromatography, we used the full
and empty stocks for calibration. After subtracting UV signals of a
blank run, R260=280 was calculated based on the absorbance maximum
peak height at each wavelength:
Molecular T
R260=280 =
max: Peak heightAbs: 260nm

max: Peak heightAbs: 280nm

(Equation 3)

The obtained R260=280 were plotted against the %Full derived from
reference measurements by SEC-MALS (stock E: 0%, stock F:
46.9%). A linear fit spanning these two points was then used to esti-
mate the %Full of a verification set containing five samples. These
samples (V 01–V 05) were prepared with the E and F stocks bymixing
them in different ratios and diluting them to different total capsid
titers (Table 2).

The obtained ratios showed good agreement with the calculated
theoretical values (Figure 3). For sample V 02, containing the
lowest capsid titer tested (2.2 � 1010 capsids on column), the ob-
tained UV signals were too low to derive R260=280. Further experi-
ments using the herein-described setup indicated an LOQ for UV
detection at approximately 4.5 � 1010 capsids on column (data not
shown).

Overall, the herein-derived results are consistent with values for
R260=280 measurements reported in the literature.12,24,37 The calcu-
lated LOQ may be improved further by using a more sensitive de-
tector, using a higher flow cell volume, or increasing the injection
volume. Due to the size and the amount of rAAV particles, light
scattering has an influence on the accuracy of UV measurements,
and its effect can be minimized by applying scatter correction.37

It is furthermore assumed that R260=280 varies with the size
and composition of the vector DNA and the rAAV serotype of
interest. Hence, it is suggested that the effect of different payloads
be examined on a case-by-case basis and a calibration curve be
herapy: Methods & Clinical Development Vol. 31 December 2023 5
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Table 2. Preparation of verification samples and their reference SEC-MALS

and ELISA values

Sample

SEC-MALS
ELISA
Titer
(cp/mL � 1012)

Sample composition

%Full
Titer
(cp/mL � 1012) Stock F; Stock E; Eluent A

Stock E 0.0 7.2 10.0 NA

Stock F 46.9 8.4 10.0 NA

V 01 46.9a 6.1a 7.3a 0.73 F; 0.27 Eluent A

V 02 0.0a 1.4a 2.0a 0.20 E; 0.80 Eluent A

V 03 13.1a 6.3a 8.4a 0.21 F; 0.63 E; 0.16 Eluent A

V 04 36.5a 4.8a 6.0a 0.45 F; 0.15 E; 0.39 Eluent A

V 05 25.3a 3.3a 4.2a 0.21 F; 0.21 E; 0.58 Eluent A

a%Full and expected titers are calculated based on their mixing ratios and the respective
analytical results for stocks E and F.
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prepared for each combination of rAAV serotype and target
payload.

By integrating UV acquisition for %Full estimation and using these
data for correcting the titer by FLD, we achieved good agreement to
SEC-MALS reference measurements. These results were in the
following benchmarked against an in-house rAAV capsid ELISA, a
well-established technique to achieve titer determination with reason-
able sample throughput and costs.
Determination of capsid titers by affinity HPLC and rAAV ELISA

To compare the performance of rAAV ELISA and our affinity HPLC
approach, five verification samples (V 01–V 05), composed by mixing
stocks E and F at different ratios and capsid concentrations, were
analyzed by both methods (Table 1).

As described above, a combination of UV (for obtaining R260/280) and
FLR detection was used to estimate the F/E ratio, which was then
substituted in Equation 2 to determine the correction factor on the
FLR signal. For calibration, stock E (containing only empty capsids)
was measured at 10 injections levels and the expected capsid titer
(derived from SEC-MALS reference measurements) plotted against
the obtained FLR signal (Figure 2). The capsid titer was accordingly
calculated (by combining Equations 1 and 2) as follows:

titerfinal = ð%Full � CF + 1Þ � ðFLRArea � A+BÞ (Equation 4)

Capsid determination by AAV ELISA was performed with the com-
mercial Progen AAV8 Titration ELISA using the supplied Kit Control
AAV8 (standard) for assay calibration. Due to the different calibra-
tion standards deployed for both methods, and consequently, the ex-
pected differences in the absolute values, each obtained dataset was
normalized with respect to the results for stock E (set to 100%) to
allow a relative comparison.

By plotting the expected titer values against the obtained titer for both
AAV ELISA (Figure 4A) and AAVX affinity HPLC (Figure 4B) the R2
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was calculated. In addition, the root-mean-square error (RMSE) was
determined (denoting the square root of the mean square error).

In regard to both R2 (0.9862 versus 0.9489) and RMSE (4.3% versus
7.1%), the AAVX affinity HPLC method performed slightly better
than the AAV ELISA, confirming the suitability of our approach to
determine the capsid titer of rAAV samples in a fast and reliable
manner. In particular, by preventing anymanual sample handling steps
and by considerably reducing sample turnaround times, the herein-
developed method proved to be a viable alternative for the existing
analytical toolbox to support process development. Notably, the col-
umns that we used demonstrated good lifetime, showing no indications
of deteriorating performance after at least 350 injections, without the
need for any regeneration steps in between. In addition to the analysis
of rAAV8, the broader applicability of our method was demonstrated
by testing various rAAV constructs, including rAAV2 mGreenLantern
(mGL), rAAV8with a different, not-named (NN), payload, and rAAV9
mGL (Figure S3; Table S1).

The differences between SEC-MALS and the ELISA reference data
point at a general problem existing with different methods for the
quantification and characterization of gene therapy products: Each
method draws conclusions based on different (bio-) chemical or
physical properties, leading in some cases to significant discrepancies
between the results. Without the availability of appropriate, well-
defined reference samples, a quantitative comparison between
different analytical techniques remains a major challenge.

DISCUSSION
We introduce here a novel approach for determining the capsid titer
and F/E ratio of rAAV samples. By using affinity HPLC, the method
enables fast and simple testing of samples across the entire
manufacturing process, thereby addressing a major bottleneck for
efficient process development of rAAV-based gene therapy products.
In contrast to AEX, in which empty and full rAAVs are chromato-
graphically separated, the F/E ratio is here derived from the resulting
A260/A280 signals of the rAAV elution peak.

By packing the commercially available POROS CaptureSelect AAVX
affinity resin into small analytical columns, the method offers high
selectivity toward rAAVs of different serotypes while minimizing
the duration of the individual chromatography steps. Besides the re-
sulting total run time of less than 5 min, the absence of any manual
sample handling/pretreatment step and the straightforward data eval-
uation procedure conduce to the short turnaround time of the
method, allowing the analysis of over 100 samples per day. Method
repeatability was demonstrated by injecting rAAV samples at
different concentration levels and varying F/E ratios, leading to highly
consistent and robust results between multiple runs.

Although good accuracy and precision for capsid titer determination
were achieved in empty capsids using FLD, samples containing full
capsids tended to be systematically underestimated. Further experi-
ments revealed a negative correlation between %Full and the obtained
er 2023



Figure 3. Plot of theoretical %Full against the obtained UV 260/280 ratio for

verification samples

Linear fit of the two stock solutions was used for method calibration.

www.moleculartherapy.org
capsid content, so that the stock F sample tested in this study (46.9%-
filled capsids) resulted in a reduction of the fluorescence signal by
21%. Extrapolating this relationship to 100%Full, would lead to a
theoretical loss of 40%–50%. It is important to note that this effect
originates from the intrinsic properties of FLR detection and is also
expected for other chromatography modes such as SEC and ion ex-
change chromatography. In this regard, the characteristics of our
method, leading to the elution of the rAAV fraction under well-
controlled conditions, largely exclude a meaningful impact of chang-
ing eluent compositions on the FLR response and therefore facilitate
data evaluation.

Consequently, a CF was introduced accounting for the %Full depen-
dence of the FLR signal. This CF relies on the F/E ratio of the sample,
which was deduced from the A280/A260 ratio obtained by UV detec-
tion. Whereas the use of the CF demonstrably improved the reliability
of the results for samples containing full capsids, the UV detection
squandered the advantages of the more sensitive FLD. It is important
to note that this CF must be determined for each rAAV serotype–
ssDNA payload combination (Table S1). Moreover, its application is
associated with a number of risks due to the dependence of the fluores-
cence response on factors such as pH, temperature, and structural integ-
rity, and therefore should be verified by sufficient experimental proof.

Overall, the method introduced herein offers a complementary
approach for determining the capsid titer based on a calibration curve
using reference material with a well-defined composition. Therefore,
the choice of the most suitable analytical method for absolute quan-
tification (e.g., SEC-MALS, ELISA and q/(d)dPCR, AUC) has direct
implications on the reliability of the method.

MATERIALS AND METHODS
Chemicals and reagents

Tris(hydroxmethyl)-aminoethane (Tris), sodium chloride (NaCl),
magnesium chloride hexahydrate (MgCl2� 6H2O), sorbitol, hydro-
chloric acid (HCl), and citric acid were obtained from Merck (Darm-
stadt, Germany). Glycine hydrochloride and 10% Pluronic F-68 were
purchased from Thermo Fisher Scientific (Waltham, MA).
Molecular T
Mobile phases

Mobile phase A was used for sample dilution, column load, and wash.
The buffer contained 25 mM Tris, 150 mMNaCl, 2 mMMgCl2, 0.1%
sorbitol, and 0.005% Pluronic F-68 at an adjusted pH of 7.4 using
5 M HCl.

Mobile phase B was used for column elution. It contained 100 mM
glycine-HCl, 150 mM citric acid, and 250 mM MgCl2. The pH was
adjusted to 2.25 using 5 M NaOH.

All prepared solutions were filtered using 0.22 mm polyethersulfone
membrane filters (Millipore Express PLUS, Merck).

Sample preparation

rAAV8 was produced in-house at larger scale and purified using a
combination of AAVX affinity chromatography followed by AEX
chromatography for further polishing.27,28,38

Concentration determination and preparation of rAAV-

containing samples

SEC-MALS

Stock solutions of rAAV empty (stock E) and enriched full (stock F)
capsids were characterized using SEC-MALS for the measurement of
total capsid titer (cp/mL) and amount of DNA-containing capsids
(%Full).24 Analysis was conducted using a Thermo Fisher HPLC
Ultimate3000 coupled to a variable wavelength detector (VWD) de-
tector (Thermo Fisher), a DAWN8 MALS detector, and an Optilab
dRI detector (Wyatt Technology, Santa Barbara, CA). Samples were
loaded onto an SRT SEC-500 column (4.6 � 300 mm) with an addi-
tional SRT SEC-500 guard column (4.6 � 50 mm) (Sepax Technolo-
gies, Newark, DE) and isocratically eluted using a K3PO4/KCl buffer
(pH 6.2) for 30 min. The data evaluation took place using Astra8
(Wyatt Technology). Data normalization and alignment were
achieved using BSA and in-house rAAV8 reference material.

ELISA

For method comparison, the samples were evaluated using Progen
AAV8 Titration ELISA (Heidelberg, Germany) following the manufac-
turer’smanualwith slightmodification.This assay is basedona sandwich
ELISA with a biotinylated AAV8 antibody binding to rAAV8 capsids. A
streptavidin peroxidase conjugate then reacts with the biotin, resulting in
a color reaction proportional to the rAAV8 titer. All of the samples were
diluted in 3 steps (1:50,000, 1:100,000, 1:200,000), and each dilution step
was measured as a duplicate. The resulting 6 read-outs for each sample
were then averaged to determine the final titer. Signal readout was
done at 405 nm subtracting a 490-nm background absorbance using
the VersaMax Microplate Reader (Molecular Devices, San Jose, CA).

BCA

A BCA Protein Assay (Thermo Fisher) was conducted following the
manufacturer’s enhanced protocol using a thermoshaker MKR 13
(Carl Roth GmbH & Co. KG, Karlsruhe, Germany) to keep samples
at 60�C for 30min. For readout at 562 nm, a NanoDropOne (Thermo
Fisher) was used.
herapy: Methods & Clinical Development Vol. 31 December 2023 7
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Figure 4. Comparison of expected and observed capsid titers for ELISA (A) and Affinity HPLC (B)

Titers are displayed in relative values, where the expected titer of stock E is set to 1.0. Assay performance was tested for 5 verification samples, V 01–V 05, and evaluated

regarding the R2 and the RMSE.
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AAVX-based affinity chromatography

Instrument configuration

Affinity HPLC was performed using an Agilent Technologies 1290
Infinity II LC system (Santa Clara, CA) containing a high-speed
binary pump (G7120A), a tempered multisampler set to 10�C
(G7167B), a multicolumn thermostat set to 22�C (G7116B), a
VWD UV detector (G7114B), and a 1260 Infinity fluorescence detec-
tor (G1321B). Because the FLD is more pressure sensitive, it was
placed after the UV detector. Detection was achieved using the UV
readout set to 280 and 260 nm as well as the FLD with an excitation
at 280 nm and emission read at 330 nm. The FLD PMT was adjusted
to 9. A 20-mL sample loop was used for sample injection.
Column packing

A 2 � 20 mm C-130B guard column was obtained from Upchurch
Scientific (Oak Harbor, WA) and packed with POROS CaptureSelect
AAVX affinity resin (Thermo Fisher). Before packing, the resin was
treated according to the manufacturer’s manual and reequilibrated
in 0.1 M NaCl buffer.

The resin was injected into a reservoir attached to the column inlet.
Using a standalone HPLC pump (Agilent, G1311B), the analytical
column was packed using a maximum flow rate of 4 mL/min, and
the resin was retained at the column outlet. After packing, the reser-
Table 3. Timetable for HPLC method, including the calculated CVs

Step Solvent Total runtime (min) Flow rate (mL/min) Volume

Injection Sample 0 16 mL

Wash Eluent A 0–1.6 1.5 40 CV

Elution Eluent B 1.6–1.75 0–1.2 1.5 CV

1.75–2.5 1.2 15 CV

Equilibration Eluent A 2.5–4.0 1.5 37.5 CV

Heckel and colleagues present a fast HPLC-based affinity method to determine capsid
titer and F/E ratio of rAAV vectors in gene therapy products to support analytics and
process development.

8 Molecular Therapy: Methods & Clinical Development Vol. 31 Decemb
voir was detached, the excess resin was removed, and the column inlet
was closed.
Affinity HPLC measurements

Before measuring the samples, the system was set up as previously
described and cleaned with eluent B for 5 min. The column was
then equilibrated with eluent A for 30 min at 1.5 mL/min until the
temperature and pressure were stable.

If not stated otherwise, for each measurement, 16 mL sample were in-
jected onto the column. To reduce the nonspecific binding of protein,
a wash step was implemented using eluent A for 1.6 min at
1.5 mL/min (40 CV). Eluent B was used for sample elution. The
gradient used is summarized in Table 3.

A comprehensive description of the capsid titer and CF calculation is
provided in the supplemental information.
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