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Recombinant adeno-associated virus: rAAV

Pro

✔ icosahedral

✔ approx. 20 nm

✔ single strand DNA (~4.7 kb)rAAV

GOI

Full particle (FP)

VP1

VP2

VP3
Structure, Specificity to organ

ssDNAVP1

×5

VP2

×5

VP3

×50

Promoter Gene for 

Therapy

Nishiumi et al., J. Pharm. Sci. 2024



Manufacturing process of rAAV and analytical Challenges

Upstream processes Downstream processes

Cell

culture
Transfection

Cell 

harvest

Cell 

Lysis
Filtration

Affinity 

chromatography

Dialysis and 

concentration

Separation of 

FPs and EPs 

Variation of Produced rAAV particles 1L Culture 0.1 mg (1013 particles)

60kg/person => 5x1013 vg
=> 30L Culture（0.5M USD)

Purification is challenging

Impurity analysis is required



Attribute 
category

Quality 
attribute

Method Comment

Identity

Genome

PCR dPCR no standard, better CV than qPCR

CGE Genome size needs to be confirmed

NGS Short read or Long read

Capsid

CE-SDS + VP ratio

SDS-PAGE Need standard

ELISA Mutant AAV is difficult, Ab dependent

WB Need standard, Ab dependent

LC-MS Intact MS

LC-MS/MS Sequence + PTM + chemical mod

MALDI-MS Newly added

Titer

Genome PCR ITR lead to higher value than GOI 

Capsid

ELISA Total particle number

UV-Abs Assumption: only F and E

AEX Assumption: only F and E with no PTM

SEC Assumption: only F and E

AUC Reliable

Attribute 
category

Quality 
attribute

Method Comment

Purity

Genome

PCR Multiple primer dPCR

CGE Suitable for lot-to-lot variation

NGS Identify sequences

Capsid

CE-SDS Suitable for lot-to-lot variation

SDS-PAGE Need standard

ELISA Need standard, Ab dependent

F/E

UV Assumption: only F and E

ELISA/PCR Assumption: only F and E

AEX Assumption: only F and E with no PTM

SEC-MALS Assumption: only F and E

Cryo TEM Assumption: only F and E

Mass 
Photometry

Assumption: only F and E, PP > component number 
needs to be defined as prior knowledge

F/E/PP/OP

AUC Gold standard, base line separation

CD-MS Base line separation, careful parameter settings

Aggregation

DLS Qualitative

SEC Most commonly used

AUC Alternative candidate to SEC

Attribute category Quality attribute Method Comment

Potency and 
Biological Activity

In vitro expression

ELISA Need Ab for GOI protein

WB Need Ab for GOI protein

FCM Need Ab for GOI protein

PCR RT-PCR, need specific primer

NGS Advanced

Transduction efficiency

TCID50 Independent of GOI, but not reflect actual in vivo situation

FCM Need Ab for GOI protein

QAs of rAAV and evaluation methods

Key points:

QAs analysis using 

orthogonal methods



Assessment of Full and Empty Particles

Nishiumi et al., J. Pharm. Sci. 2024



MW-SV-AUC, Band Sedimentation AUC (BS-AUC):small volume AUC, DGE-AUC separation
based on buoyant density

Band Sedimentation AUC : 

Vinograd J, et al., PNAS1963

MW-SV-AUC

BS-AUC

AUC with 1010 vg sample

FP/EP/PP/OP/freeDNA

cGMP

In house software + Sedfit

Maruno T, et al., J Pharm Sci. 112, 937-946 (2023).

DGE-AUC
Buoyant density 

based separation

S-value (Mw + shape) based separation



Correct extinction coefficient is essential for reliable quantification
The difference in the ε values for EPs and FPs in various serotypes

✓On average, FP values were 5.2-, 2.4-, and 1.2-fold higher than those of 

EPs at 260, 280, and 230 nm, respectively. 
Yamaguchi et al., Submitted

When EFP=EEP

FPs is overestimated

When EFP=EEP

FPs is more overestimated

as ssDNA length longer

2521base

Maruno T, et al., J Pharm Sci. 2022

EFP=EEP + EssDNA



10Encapsidated genome analysis by CD-MS, CD-MS high energy mode

CDMS analysis with capsid 

disassembly in MS

Nakatsuka et al., 2024



DirectMP F/E determination in Cell Lysate

Yamaguchi et al., Anal. Chem. 2025
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Process development

Yamaguchi et al., Anal. Chem. 2025



Evaluation of encapsulated 

DNA
CE-SDS of capsid protein

VP stoichiometric ratio

Physicochemical characterization of F1.1 and F2.2 particles

FP1
VP1: 6

VP2: 8

VP3: 46

FP2
VP1: 5

VP2: 7

VP3: 48
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High density FPs
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Low density FPs 

Higher transgene expression 
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Ohnishi et al., Mol. Ther. Meth. Clin. Dev. (2023) 

Waters

ELIT CDMS

2.6 kb

2.6 kb

FP1

4.70 kDa

FP2

4.58 kDa



Cause of difference in buoyant density 

𝝆𝒓𝑨𝑨𝑽 =
(𝝆𝒑𝒓𝒐𝒕𝒆𝒊𝒏𝑽𝒄𝒂𝒑𝒔𝒊𝒅+𝝆𝒏𝒖𝒄𝒍𝒆𝒊𝒄 𝒂𝒄𝒊𝒅𝑽𝑫𝑵𝑨)

𝑽𝒄𝒂𝒑𝒔𝒊𝒅+𝑽𝑫𝑵𝑨

Calculated density 
from VP ratio by CGE

(g/cm3)

Experimental 
buoyant density

(g/cm3)

Low density (F1.1) 1.462 1.352

High density (F2.2) 1.463 1.361

Protein

Ave. 1.37 g/cm3 Nucleic acid

Ave. 1.92 g/cm3

0.001 g/cm3 0.009 g/cm3

Hydration change/ion 

binding may enhance the 

difference

Ohnishi et al., Mol. Ther. Meth. Clin. Dev. (2023) 



Elucidation of the correlation between VP stoichiometry

and transduction efficacy

Ohnishi et al., Mol. Ther. Meth. Clin. Dev. (2023) 

GFP GFP GFP

Bulk
F1

Low density
F2

High density

Each AAV vector with EGFP gene in GOI Infection (MOI* 5 points)

After 72 hours

HeLa CELLS

GOI : Gene Of Interest Evaluation of gene transfer rate by 

fluorescence-activated cell sorter (FACS)

The infectivity of Low density 

AAV is 23.9% ~26.4% higher 

than that of High density AAV

*MOI (Multiplicity of infection) = virus / cells



Recent Publications of Glycosylation of AAV

(1) 2019 Mary et al, Mol. Pharm.

(2) 2019 Mary et al, FEBS

(3) 2018 Aloor et al, Viruses

(4) 2020 Rumachik et al, Mol. Ther. Meth. Clin. Dev.

(5) 2024 Xie et al, Glycobiology

Glycosylation of rAAV



Lectin Array detection results

Lectin array 

detection

Glycosylation of rAAV: Lectin trap + LC-MS/MS 

S and T at VP2 is O-glycosylated 

Lectin

Capture

+

LC-MS/MS

ABA

ABA

ABA

ABA

ABA

ABA

ABA-lectin

beads



Characterization of O-glycosylated rAAV fractionated by ABA Lectin  

Yamaguchi et al., Mol. Ther. Meth. Clin. Dev. (2024)

VP2 region

Characterization of O-Glycosylated rAAV

No VP1 

Glycosylation of VP2 region ➔ No VP1 ➔ Loss of function



Modification (DNA degradation) by Light irradiation (Photostability test (ICH))

Takino et al., Mol. Ther. Meth. Clin. Dev. (2024) 

Photo-degradation (DNA and capsid protein)

90% activity loss 

after 7 days F/E ratio unchanged, 20% FP loss

80% main DNA loss 

ICH Option 1 conditions 

using D65



Modification

(Oxidation)

by 

Light irradiation

(Photostability test)

Takino et al., Mol. Ther. Meth. Clin. Dev. (2024) 

Photo-degradation (DNA and capsid protein)

Marginal 

Met oxidation

Specific

His oxidation

Oxidation of His628 and His630 close to ssDNA



Molecular Therapy Vol. 26 No 12 

December 2018

Modification

(Deamidation)

Deamidation of VPs

Relation to  potency

T Cell mediated immune response 



Over-packaged

(OP)

DNA size variation
DGUC 1st Cycle DGUC 2nd Cycle

3.7 kDa 4.5 kDa 4.5 kDa 5.4 kDa 5.4 kDa

2.6 kb

0.4-0.5 kb

FP FP

OP
OP

EP

Maruno et al., Mol. Ther. Meth. Clin. Dev. 33(4) Dec. 2025



Variation of QAs among Lots/Batch

10 Products (Culture + Purification)

Variation in 14 QAs

Maruno et al., Mol. Ther. Meth. Clin. Dev. 33(4) Dec. 2025



Deamidation of VP1 (N57 and N94) and VP2 level is related to biological activities

RT storage

Maruno et al., Mol. Ther. Meth. Clin. Dev. 

33(4) Dec. 2025
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Outside surface Inner surface

VP3 region

H/D exchange rate difference between full and empty

No difference 

Ikeda et al, Viruses (2024)

Flexible in Empty

No diff

VP1/2 region

Temperature dependence of F350/F330 Ex. 280nm

Capsid structure of FP and EP is different

25

Higher H/D ratio

In Empty

Maruno et al., Mol. Ther. Meth. Clin. Dev. 33(4) Dec. 2025



rAAV as a Heterogeneous Particle Ensemble

VP2

Full particle (FP)

VP variation

Empty (EP) Partial (PP)Species

Sub-species

Over-packaged

(OP) Modification

Chemical GlycosylationDNA length 

variation
VP variation
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