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ABSTRACT: Despite recent advances in nucleic acid delivery systems with the success of LNP vehicles, adeno-associated virus
(AAV) remains the leading platform for targeted gene delivery due to its low immunogenicity to humans, high transduction
efficiency, and range of serotypes with varying tropisms. Depending on the therapeutic goals and serotype used, different production
conditions may be more amenable, generating an ever-growing need for rapid yet robust analytical techniques to support the high-
quality manufacturing of AAV. A critical bottleneck exists for assessing full capsids where rapid, high-throughput techniques capable
of analyzing a range of serotypes are needed. Here, we present a rapid, high-throughput analytical technique, microfluidic
electrophoresis, for the assessment of full capsids compatible with AAV1, AAV2, AAV6, AAV8, and AAV9 without the need for assay
modifications or optimizations, and AAV5 with some constraints. The method presented in this study uses a mathematical
formulation we developed previously with a reference standard to combine the independently obtained capsid protein and single-
stranded DNA (ssDNA) profiles to estimate the percentage of full capsids in a sample of unknown concentration. We assessed the
ability to use a single serotype (AAV8) as the reference standard regardless of the serotype of the sample being analyzed so long as
the melting temperature (Tm) of the capsids is within 12 °C from the Tm of AAV8. Using this method, we are able to characterize
samples ±6.1% with an average analytical turnaround time of <5 min/sample, using only 10 μL/sample at a concentration of 2.5 ×
1012 VG/mL.

■ INTRODUCTION
Over 30 years after the first gene therapy, there has been a
significant increase in the arsenal of therapies and modalities,
such as viral (i.e., lentivirus) and nonviral (i.e., lipid nano-
particle), available. Recombinant adeno-associated viruses
(rAAV) have become one of the leading platforms for gene
therapy. With a diameter of roughly 25 nm1 and a single-
stranded DNA (ssDNA) genome of 4.7 kb,2 the characteristics
that set them apart are their long-term gene expression,3 lack of
pathogenicity in humans,3 and selective tropisms.3−5 Con-
sequently, AAV characterization remains high on the bio-
analytical research agenda, and significant resources have been
dedicated to developing methods to assess critical quality
attributes (CQAs) to meet the standards and regulations of the
FDA. Currently, the most common characterization methods
are digital droplet PCR (ddPCR) for the genome titer,6−8

enzyme-linked immunosorbent assay (ELISA) for the capsid

titer,9−11 and transmission electron microscopy (TEM) for the
content ratio in terms of full and empty capsids.6,12,13

Notwithstanding, analytical ultracentrifugation (AUC) remains
the golden standard, particularly in industry, for content ratio
assessment due to its increased accuracy and ability to quantify
partially filled capsids.12,14−16 Some other notable techniques
include charge-detection mass spectrometry (CDMS),17 size
exclusion chromatography multi-angle light scattering (SEC-
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MALS),18 anion-exchange chromatography (AEC),19 and mass
photometry20 among others.16

While many techniques have been developed and optimized
to characterize AAV samples, most require high sample volumes,
are low throughput, or have high turnaround times. Therefore, a
need remains to support the streamlined analysis of the
numerous samples synthesized during the production of AAV
and large-scale batch-to-batch analysis. One alternative solution
to this need are miniaturized, high-throughput compatible
platforms, such as microfluidics. Microfluidics is a particularly
attractive technology due to its precise control of fluids, high-
throughput capabilities, and rapid sample processing, making it
capable of outperforming traditional technologies.21 Addition-
ally, the use of high-resolution miniaturized platforms may lower
sample and reagent volumes and costs.22 As a result, depending
on their intended use, they can replace or complement many
traditional techniques used to characterize AAVs. For instance,
this type of platform (micron or submicron) has been used to
assess the genomic content,23 capsid proteins,23,24 and content
ratio of AAV samples.23,25 However, rather than focusing on the
development of a new analytical method, the focus of this study
is to increase the fundamental understanding of how different
serotypes and sample treatments affect AAV behavior in
electrokinetic microfluidic systems and to categorize optimized
methods based on serotype stability and overall response.

In a previous study, we successfully determined the
percentage of full capsids in AAV8 samples of unknown
concentration using an AAV8 standard.23 However, despite
the great potential shown by the method, it was limited by (1)
using a standard that matched the serotype of the sample, (2)
the limited translation to other serotypes due to serotype-
specific capsid thermal stability, and (3) the requirement for a
time-consuming sample treatment step for nucleic acid
extraction. These limitations are important since 10−13
naturally occurring AAV serotypes and over 100 variants have
been purified and studied for gene delivery.3,26,27 The wide
range of serotypes and variants makes AAV highly versatile, as
they may express different tropisms, or tissue targets, based on
their binding receptors (Table 1).3,26,27 To further increase their
therapeutic robustness, it has been demonstrated that AAV
vectors could be equipped with the desired high-affinity ligands,
resulting in increased efficiency targeting the desired cells.28

Having such an extensive repertoire of AAV vehicles is of great
clinical significance as it has been reported that over 90% of
humans have been infected with AAV, approximately 50% of
which may have neutralizing antibodies against the virus.3,26,29,30

As such, serotype or variant selection may significantly impact
therapy efficiency based on its ability to evade the immune
system. Therefore, it is essential to make a versatile analytical
platform that enables the purity analysis of different AAV
serotypes for maximal applicability, particularly in a rapid, high-
throughput, low-volume format that can support manufacturing
optimization and downstream purity assessment.

Our initial method was developed and validated using
AAV8,23 and prior to this study, further assay optimizations
were conducted using AAV8 as well; therefore, it was decided to
retain AAV8 as the reference standard in this study due to the
extent of the prior body of work and the reference standard
serotype comparison conducted in this study. Based on the body
of scientific literature available and ongoing clinical trials (Table
1) for each serotype, it was determined that AAV2, 8, and 9 were
the most commonly used in AAV research. After investigating
the differences and similarities across the different serotypes, we

found that as long as the capsid melting temperature of the
serotypes (Table 1) was within 12 °C of AAV8, they responded
similarly to the chemical, biochemical, and physical (heating)
treatment used to characterize the samples in this study. This
range should include AAV1, 2, 3, 4, 6, 7, and 9 (Table 1). Based
on the organs targeted and the number of clinical trials, we
validated the method with serotypes 1, 2, 6, 8, and 9, which cover
the expected operational temperature range. We also attempted
to analyze AAV5 due to its prevalence and number of clinical
trials. However, the results were beyond our accepted threshold
for prediction accuracy due to the significantly higher capsid
Tm, which prevents its proper denaturing and digestion using
the current protocol. Notwithstanding, based on its clinical
relevance, we evaluated the performance of the assay to predict
the percentage of full capsids in AAV5 samples and highlighted
the current limitations and a potential solution to overcome
them.

Upon narrowing down the functional melting temperature
(Tm) range for the assay, we evaluated how different serotypes
(1, 2, 6, 8, and 9) performed as the reference standard for the
estimation of full and empty capsids. Despite the ranging degrees
of success, there was no statistical difference between their
efficiency, with AAV1 and AAV9 showing the highest variability.
Ultimately, AAV8 was selected, as its capsid Tm is roughly in the
middle of the most commonly used serotypes (AAV2, 8, and 9).
By reducing the time required to extract the nucleic acid from
the capsid and optimizing the nucleic acid and capsid protein
assays, we were able to develop a more robust method that
enables the rapid characterization of an unknown AAV sample of
serotypes 1, 2, 6, 8, and 9 (Figure 1) using low volumes (10 μL)
within our desired threshold, and AAV5 with a larger error. In
addition, the insights provided by the study regarding the
relationship between sample Tm and treatment response can
provide valuable information to expand the method into a
platform method including proprietary AAV variants for
development laboratories. Being able to assess the purity of

Table 1. Description of the Melting Temperature, Tm, of the
Capsids of Each Serotype,31−33 the Organs They Target,34,35

and the Number of Clinical Trials Using That Serotype36,a

serotype
capsid Tm
(°C)31−33 organs targeted34,35

number of
clinical
trials36

AAV1 82−84.5 eye, muscle, CNS, heart 12
AAV2 66.33−71.6 eye, brain, lung, liver, muscle, joint,

CNS, kidney
59

AAV3 67.3−71.7 0
AAV4 74.0−75.0 eye, lung, CNS 0
AAV5 88.07−90.5 eye, lung, liver, CNS 19
AAV6 77.31−78.5 lung, muscle 2
AAV7 76.5−76.7 liver, muscle 0
AAV8 70.59−73 eye, liver, muscle, CNS, heart,

pancreas
30

AAV9 76.17−77.0 lung, liver, muscle, CNS, heart 40
aThe capsid Tm was determined elsewhere using differential scanning
fluorescence (DSF),31−33 and the values are reported here as a range
combining full and empty capsid values. The number of clinical trials
using each serotype was based on queries using the keywords “adeno-
associated virus” and “AAVX”, where “X” represents the serotype
number on the clinicaltrials.gov website. The search using “adeno-
associated virus” yielded 180 trials, and other studies have reported as
many as 331 trials,37 whereas the sum of the clinical trials included
below is 162. This discrepancy is due to the lack of specificity in the
description or use of different variants in the trials.
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AAV samples rapidly serves a 2-fold purpose: upstream, it can
help optimize the AAV manufacturing conditions (postpur-
ification), while downstream, it can help characterize the final
product.

■ MATERIALS AND METHODS
Materials.AAV (1, 2, 5, 6, 8, and 9) reference standards were

purchased/obtained from Revvity (Waltham, MA) at a
concentration of 1 × 1013 GC/mL and were diluted using
PBS + 0.001% Pluronic to 2.5 × 1012 GC/mL. Different
serotypes either came or were diluted with empty capsids to
achieve different percentages of full, which will be specified
throughout the study. The LabChip GXII Touch platform,
custom AAV protein microchip and chip reagents, and custom
AAV ssDNA microchip and chip reagents were obtained from
Revvity. The UV/vis percentage of full capsids was estimated by
Revvity and provided as a single value, which is why there are no
error bars associated with those values.
Methods. The AAV characterization experiments discussed

in this study were conducted on the analytical platform LabChip
GXII Touch (Revvity) for optics, robotic motion, pressure, and
electrokinetic control. Two separate assays were developed or
optimized for the purity assessment of the AAV samples: a
capsid protein and an ssDNA assay. The samples were treated,
heated on a 96- or 384-well plate for both assays, and transferred
onto the LabChip platform. For each assay, an assay-specific
(AAV protein or AAV ssDNA) microfluidic chip was loaded
with a gel or a gel-dye and a marker for calibration purposes. The
chip was placed on a LabChip platform. Once the well plate and
chip are loaded onto the platform, the system moves the desired
sample well under a metal sipper attached to the microfluidic
chip. By vacuum pressure, 20 nL of each sample was loaded onto
the chip individually for analysis. Additional information can be
found under Methods for Capsid Protein and ssDNA
Characterization in the Supporting Information. The statistical
analysis for this study was conducted using GraphPad Prism 9,
and the figures were made using GraphPad and/or Bio-
Render.com.

Theory. In a previous study, we proposed a mathematical
formulation that enabled us to estimate the percentage of full
capsids in a sample of unknown concentration and percentage of
full capsids using a microfluidic electrophoresis method that
resulted from the combination of a protein and ssDNA assay
that we developed for AAV purity assessment.23 To achieve this,
a key innovation was integrating a reference standard of the
known percentage of full capsids and concentration into the
workflow to normalize the raw fluorescent data obtained from
the electropherograms. For this, we described the total number
of particles in a sample, N, and standard, Ns, in terms of the full, f,
and empty, e, particles present in the sample23

N N f N e( ) ( )= + (1)

N N f N e( ) ( )s s s= + (2)

Full and empty capsids are composed of the same protein
subunits (VP1−3); therefore, regardless of the genetic content,
each capsid should contain the same amount of protein α.
Therefore, the relation between the concentration, c, of proteins
in the samples and the standard can be represented by23

R
c
c

N
N

N
N

(protein)
(protein)p

s s s
= = =

(3)

while that of the ssDNA insert present in the sample and
standard can be expressed as23

R
c
c

N f
N f

(ssDNA)
(ssDNA)

( )
( )DNA

s s
= =

(4)

We then defined the known percentage of full capsids in the
standard, βs, as23

N f
N f N e

( )
( ) ( )s

s

s s
=

+ (5)

which can be used to estimate the percentage of full capsids in
the sample through the relation23

Figure 1. Workflow for the microfluidic electrophoresis characterization of AAV1, AAV2, AAV6, AAV8, and AAV9 was calculated by analyzing the
capsid and genomic composition separately and integrating the information using a reference standard and a mathematical formulation to estimate the
percentage of full capsids in the sample.
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N f
N f N e

c
c

c
c

R

R

( )
( ) ( )

(ssDNA)
(ssDNA)

(protein)
(protein)s

s s

s DNA

p

=
+

= ÷

=
(6)

By independently analyzing both the protein and ssDNA
profiles of the unknown AAV sample(s) in tandem with a
reference standard, we can mitigate the error introduced by the

use of two independent assays by helping normalize the
concentrations yielded by each assay to the standard, allowing
us to combine the assays. Using this approach, we were able to
estimate the percentage of full capsids in an AAV8 sample using
an AAV8 standard ±4%.23 Since the basis for this mathematical
formulation is independent of serotype and showed a high
degree of accuracy in the past, it will also be used to estimate the
percentage of full capsids in this study, but the optimal standard
serotype will be explored.

Figure 2. Electrophoretic characterization of the capsid proteins of AAV1, 2, 6, 8, and 9. Electropherograms of the different serotypes using (a) the
noncovalent dye with an offset of 130 F.U. and (b) the covalent dye with an offset of 450 F.U. The peak areas for all three capsid proteins are
highlighted (c) by serotype and (d) by dye type. Comparing the covalent dye response to the noncovalent, we see a 6-fold increase in peak area. Note
that all samples were normalized to 2.5 × 1012 VG/mL at different percentages of full and are expected to have different capsid concentrations.
However, while the concentrations vary across serotypes, they were used at the same concentration in both assays, enabling a direct comparison
between the two. Predicted VP ratios using (e) the noncovalent and (f) the covalent assay. The VP ratios were estimated by dividing each peak area by
the protein MW (Table S1) and normalizing the values.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09006
ACS Omega 2024, 9, 4027−4036

4030

https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig2&ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09006/suppl_file/ao3c09006_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Protein Analysis Optimization. In our mathematical

formulation, the protein signal (corrected area) is used to
determine Rp. This parameter can be obtained using both
protein assays described in the methods: the Protein Express and
AAV Pico Protein assays. While there are some differences in the
sample treatment and chip loading between these two assays, the
critical difference that we believe is responsible for the difference
in response of the two is the use of a noncovalent dye (Revvity)
in the Protein Express assay and a covalent dye (Revvity) in the
AAV Pico Protein assay. Prior to this study, we optimized both
assays (not shown in this study) by using an AAV8 sample.
Using these protocols, we analyzed AAV1, 2, 6, 8, and 9 samples
using the noncovalent (Protein Express) and the covalent (AAV
Pico Protein) assays (Figure 2).

When the electropherograms yielded by each assay (Figure 2)
are compared, we observe over a 6-fold increase in peak areas
using the covalent dye from the noncovalent dye, which leads to
a greater definition of the viral proteins (VP), in particular of
VP1 and VP2. Based on these results, the limit of detection
(LOD), as defined by the minimum concentration at which we
can detect all observable peaks for the capsid proteins, is 9.9 ×
1011 VP/mL for the noncovalent dye and 6.8 × 1010 VP/mL for
the covalent dye, a 14.5-fold difference. Despite not assessing the
molecular interaction of the dyes directly, we believe that this
difference in response stems from the mechanism through which
each dye interacts with the capsid proteins. Although the
noncovalent dye will bind to the proteins through some
unspecific charge attraction, the covalent dye has a more

specific target with higher affinity, leading to an increase in
binding sites and resulting overall labeling efficiency. Interest-
ingly, although the peak areas vary due to differences in sample
concentration, we see the same behavior in both assays where
AAV2 and AAV9 appear to have the highest capsid
concentration and AAV8 the lowest, suggesting that the two
assays are in agreement. This response also suggests that while
the labeling efficiency may change, the difference in affinity
between the two dyes is unlikely to be serotype-biased.

While the primary motivation behind the analysis of the
capsids is to determine Rp, the analysis of the denatured capsids
also provides great insight into the VP ratios (Figure 2e,f). While
the exact VP ratio may vary, VP stoichiometry is expected to be
10:1:1 for VP3/VP2/VP1.39 However, Snijder et al. demon-
strated that depending on the concentration at which the VPs
are present, capsid symmetry will not be followed, and the
assembly will be stochastic.40 In addition, VP1 contains a
domain essential for endosomal escape and, consequently, virus
infection.41,42 Therefore, a decreased ratio of VP1 to total capsid
proteins can reduce transduction efficiency.43 As such, VP ratios
are a critical-to-quality metric, making the ability to monitor
them of great therapeutic relevance since changes to AAV capsid
protein stoichiometry, in particular VP1 amount, can lead to a
loss of potency.41

In this study, the ratios were estimated to be 10.00:0.80:0.68
and 10.00:1.72:1.51 for the noncovalent and covalent assays,
respectively (Figure 2e,f). These values were estimated by
normalizing the area of each peak, which is relative to the
concentration of each capsid protein and to its molecular weight,

Figure 3. AAV ssDNA electropherogram profiles post-treatment with (a) proteinase K (proK, electropherograms offset by 8 F.U.) and (b) heat
(electropherograms offset by 10 F.U.). Comparison of peak (c) area, (d) migration time, and (e) fwhm using each treatment separated by serotype.
Average peak (f) area, (g) migration time, and (h) fwhm for each treatment.
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to enable a comparison of the relative protein molecules in the
sample. While there is a difference between the two because of
the stochastic nature of the ratios, without an orthogonal
method to assess the actual VP ratios of the sample, it is difficult
to determine which provides the most accurate ratios. However,
because of the repeatability of the results, the estimated ratios
have great value for batch-to-batch reproducibility. In addition, a
comparison of the peak profiles associated with each VP suggests
that the covalent method shows a greater ability to observe
changes in peak area while producing the most consistent and
narrow peaks (Figure S1). Another VP property that can be
monitored using this method is the size. Using the internal
LabChip system protein ladders, we were able to estimate the
size of the different capsid proteins, with an average % CV of 1.1
and 0.4% for the noncovalent and covalent methods,
respectively (Table S1). Interestingly, while the two assays are
in close agreement, both seem to overpredict the size of the
proteins when compared to the expected sizes of VP3 (59−61
kDa), VP2 (64−67 kDa), and VP1 (79−82 kDa).38 Due to the
magnitude of the difference, possible explanations for this
difference are probably a combination of post-translational
modifications and protein conformations, which may affect their
ability to migrate through the gel matrix of the microfluidic
chip.2 Notwithstanding, despite the differences in expected and
observed VP size, both assays yielded highly repeatable sizing
values, with the covalent assay outperforming the noncovalent
assay based on a slight difference in coefficient of variation.

Based on the findings presented in this section, the covalent
method appears to yield the highest sensitivity, which is essential
for detecting subtle yet important changes across protein
profiles, and the lowest coefficient of variation, which plays a
crucial role in batch-to-batch comparisons. The ability to
consistently detect subtle changes is also highly relevant for
production optimization, including cell line selection and
growth condition optimization. Therefore, the remainder of
the study will discuss only the results obtained with the covalent
assay.
ssDNA Analysis Optimization. In our previous study, we

used proteinase K to digest the capsid for ssDNA release prior to
analysis.23 Despite effectively releasing the genomic content of

the AAV capsids in a reproducible manner, the treatment
requires ∼1.5 h of treatment, which takes a significant toll on the
turnaround of the method. Therefore, we optimized an assay
that requires only a short (∼10 min) heat treatment without the
use of digesting enzymes. In Figure 3, we compare the
performance of the two using AAV1, 2, 6, 8, and 9 at a
concentration of 2.5 × 1012 VG/mL. Since the genomic
concentrations are normalized across all serotypes, we expect
all samples to yield equal peak areas here. When we compare the
two sample treatments, the heat treatment samples produce
slightly higher and sharper peaks, which may be easier to detect
at low concentrations. However, the average areas were almost
identical. Since the areas produced by each approach are nearly
identical in magnitude, so is their LOD of 1.6 × 1011 GC/mL. In
contrast, the areas produced by the proteinase K treatment have
less variation across the different serotypes. Both sample
treatments yielded nearly identical migration times for all
serotypes. Overall, the higher variation in peak area when using
the heat treatment was outweighed by the benefits of the peak
shape, sensitivity, and reduced incubation time. Therefore, the
results in the remainder of the study will include only heat-
extracted ssDNA data. In addition, while not exploited here, a
key benefit of the proposed ssDNA analysis method is that the
electrophoretic separation of the genomic content within the
microfluidic chip enables genomic-fragment-based analysis of
the contents of the capsid so long as the concentrations are
within our limit of detection.
Determining Optimal Standard and Assay. Once we

determined the optimal capsid protein assay and ssDNA
extraction method, we used eq 6 to assess the performance of
five different AAV serotypes (1, 2, 6, 8, and 9) as the reference
standard used to estimate the percentage of full capsids in AAV
samples of different serotypes. For this, we analyzed the different
serotypes simultaneously and used the protein (Figure 2) and
ssDNA (Figure 3) data of each to estimate the percentage of full
capsids in the other serotypes (Figure 4a). Using the expected
percentage of full capsids in each sample, we calculated the
average prediction error for each serotype as a standard (Figure
4b). While there was no statistically significant difference across
the performance of each serotype based on their prediction

Figure 4. Comparison of the predictive performance of each serotype as a reference standard to estimate the percentage of full capsids in the other
samples of different serotypes using eq 6. (a) Predictions separated by serotype being analyzed, where each color represents the serotype used as the
reference standard for those estimations. Note that serotypes were not used to predict themselves, and the expected value was used instead (i.e., the
percentage of full capsids in the sample using an AAV1 reference standard is the expected percentage of full capsids in the sample). (b) Summarized
prediction error of each serotype as a reference standard.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c09006
ACS Omega 2024, 9, 4027−4036

4032

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09006/suppl_file/ao3c09006_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c09006/suppl_file/ao3c09006_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c09006?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c09006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


deviation, AAV2, AAV6, and AAV8 yielded a narrower
distribution. Interestingly, the range of capsid Tm covered by
the serotypes used in this section spans from 66.33 to 84.5 °C,
whereas AAV2, 6, and 8 have capsid Tm values of 66.33 to 71.6
°C, 77.31 to 78.5 °C, and 70.59 to 73 °C, respectively (Table 1).
In contrast, AAV1 and AAV9 have capsid Tm values of 82−84.5
and 76.17−77.0 °C, respectively. The results over this
temperature range suggest that while temperature appears to
play a critical role in the ability for a serotype to be used as a
cross-serotype reference standard, the difference in prediction
error between AAV6 and AAV9 despite their similar capsid Tm
indicates other biochemical features may play a role.
Notwithstanding, given its low prediction error, relevant Tm
(close to the middle of the range evaluated), and clinical
significance, we decided to use AAV8 as the reference standard.
Application: Assay Performance. To test the perform-

ance of the proposed method, we decided to look at a range of
serotypes that covered the operational capsid Tm range of the
assay and with varying percentages of full capsids. To this end,
we analyzed two or three samples of varying percentages of full
capsids of AAV1, 2, 6, and 8, covering a range from 66.33 to 84.5
°C (Table 1). Based on the earlier findings presented in this
study, the final assay uses AAV8 as the reference standard, the

covalent dye for protein analysis, the heat treatment for the
ssDNA analysis, and the mathematical formulation to make the
predictions. In addition, to prevent bias when analyzing AAV8
due to the reference standard selection, independently
generated AAV8 preparations were used as the reference
standard and as the sample being analyzed. Following the
proposed method, the average prediction error was ±6.1% with
a CV of 15.3% (Figure 5a, Table S2), which is within our ≤20%
cutoff value.

While the overall prediction error and CV were within the
desired ranges, when we break the errors down by serotype
(Figure 5b), we see that the AAV1 predictions underperform
compared with the other three serotypes tested in this section.
We see an interesting trend when we take it a step further and
look at the capsid ΔTm between the reference standard and the
samples. When the ΔTm increases and is positive, the prediction
error increases significantly (Figure 5c). On the other hand,
while the data set is too limited in that direction to draw a
meaningful conclusion, it appears that when the ΔTm is
negative, the prediction accuracy is less affected by the difference
in ΔTm. We also performed an additional comparison between
the LabChip and UV/vis predictions (Figure S2), where most
predictions fell within ±10% of each other with the exception of

Figure 5. (a) Comparison of the proposed method (LabChip) to UV/vis (Stunner). Comparison of prediction errors relative to each (b) serotype
(AAV1, 2, 6, and 8) and (c) ΔTm to AAV8 reference standard. For the ΔTm estimations, an average of the ranges provided in Table 1 was used for
each serotype. No error bars are present in the UV/vis data, as this was provided as an average by the provider.

Figure 6. (a) Protein and (b) ssDNA peak area over concentration for three dilutions of AAV5 at 93% full per UV/vis measurement, where the protein
response has an R2 of 0.99 and the ssDNA response has an R2 of 0.98 (c) Predicted percentage of full capsids in the three AAV5 dilutions at 93% full
(AAV5−1 is 1:4, AAV5−2 is 1:3, and AAV5−3 is 1:4 of an initial stock of 1 × 1013 VG/mL) using an AAV8 standard. No error bars are present in the
UV/vis data as this was provided as an average by the provider.
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the AAV1 estimations. These findings further support that Tm,
which should not affect the UV/vis-based estimation, may be
responsible for the larger errors associated with some serotypes
using the LabChip technique.
Application: AAV5. Lastly, while acknowledging that AAV5

(ΔTm = −17.5 °C) is outside the optimal operational range
(ΔTm = ± 12 °C) of the proposed assay, given its clinical
relevance, we decided to assess the performance and limitations
of this method to analyze AAV5. As expected, when the protein
(Figure 6a) and ssDNA (Figure 6b) of three AAV5 dilutions
were analyzed, they both showed a strong linear relation
between the peak area and concentration. Moreover, when the
protein and ssDNA data for these samples was used to predict
the percentage of full capsids in the samples, as highlighted in
Figure 6c, the three samples yielded highly consistent results of
71.0 ± 5.4, 70.3 ± 1.2, and 66.4 ± 3.8% for AAV5−1, AAV5−2,
and AAV5−3, respectively. When the predictions for the three
samples are combined, the average prediction is 69.1 ± 4.1%.
Still, despite the reproducible results, when the predictions are
compared to the UV/vis estimation, which was 93%, there is a
difference of 23.9%. However, since the results showed to be
repeatable and there is a strong linear relation between sample
concentration and peak area for AAV5, upon further analysis, a
case could be made for using a correction factor in order to
increase the accuracy in the estimation of full capsids in AAV5
samples.

■ CONCLUSIONS
In this study, we improved the sensitivity of the protein analysis
12.5-fold to an LOD of 3.4 × 1011 VP/mL by using a covalent-
fluorescent dye labeling strategy. Mechanistically, the non-
covalent method should be more general and provided VP ratios
closer to the expected 10:1:1 ratio but had a larger LOD when
compared to the covalent method. The AAV Pico Protein assay
yielded a more sequence-dependent ratio but has higher
sensitivity and similar repeatability to the noncovalent method.
In our view, the covalent method may be developed along with
specifications to monitor AAV capsid production. In contrast,
the sensitivity of the ssDNA assay did not change with an LOD
of 1.6 × 1011 GC/mL. The sample preparation time decreased 8-
fold to 10 min, bypassing the need for enzymes. Once the
methods to collect the protein and ssDNA information were
determined, different serotypes were evaluated for their
potential as reference standards. Ultimately, based on the capsid
Tm, percentage full prediction error, and clinical relevance,
AAV8 was selected as the default reference standard.

The performance of the methods integrated through the
reference standard and mathematical formulation was then
tested against samples of AAV1, 2, 6, and 8 at different
percentages of full capsids, which yielded an average error of
±6.1% with a CV of 15.3% within a ΔTm range of ±12 °C. The
analysis of AAV5 was also attempted, but the difference in capsid
Tm led to an average prediction error of ±23.9%, which was
above our desired threshold of ±20%. Interestingly, the only
instance where the % CV, but not the average error, was above
the desired threshold of 20% was with AAV1. Given that AAV1
has the greatest capsid ΔTm relative to AAV8, we explored the
relationship between the capsid ΔTm and prediction error. Not
surprisingly, the greater the ΔTm, the greater the error. While
we have limited data in the negative direction, the data also
appear to indicate that negative ΔTm may be less impacted by
differences in capsid Tm. However, based on the difference in
the prediction accuracy of AAV6 and AAV9, which have very

similar capsid Tm, additional serotype-specific properties may
also play a role.

Overall, this improved method enables the rapid character-
ization (<5 min/sample) of the percentage of full capsids in a
wide range of serotypes. While traditionally the combination of
two independent methods to determine the genome-to-capsid
ratio may lead to a compounded error, the mathematical
formulation we developed uses the reference standard to
combine the assays in a way that mitigates this error. In
contrast, analyzing the protein and ssDNA content separately
enables us to look closer at VP ratio and ssDNA purity and
integrity while only requiring 10 μL of sample.

The cross-serotype functionality and ability to address
multiple critical quality attributes (CQAs) simultaneously are
of great relevance, as there are at least 331 clinical trials that
include AAV, and a great analytical bottleneck in their
development is the lack of reliable, high-throughput character-
ization methods. An important example of this bottleneck is the
lack of robust high-throughput analytical tools for assessing the
percentage of full capsids in an AAV sample, with AUC, a
nonscalable technique, as the current gold standard. Lastly,
having an integrated platform that enables the assessment of
numerous CQAs, such as total protein concentration, VP ratio,
ssDNA concentration and integrity, and percentage of full
capsids, can decrease the method transfer burden from analytical
development to quality assurance and quality control.
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