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ABSTRACT: Adeno-associated virus (AAV) capsids are among the leading gene delivery platforms used to treat a vast array of 

human diseases and conditions. AAVs exist in a variety of serotypes due to differences in viral protein (VP) sequences, with distinct 

serotypes targeting specific cells and tissues. As the utility of AAVs in gene therapy increases, ensuring their specific composition is 

imperative for correct targeting and gene delivery. From a quality control perspective, current analytical tools are limited in their 

selectivity for viral protein (VP) subunits due to their sequence similarities, instrumental difficulties in assessing the large molecular 

weights of intact capsids, and the uncertainty in distinguishing empty and filled capsids. To address these challenges, we combine 

two distinct analytical workflows that assess the intact capsids and VP subunits separately. First, selective temporal overview of 

resonant ions (STORI)-based charge detection-mass spectrometry (CD-MS) was applied for characterization of the intact capsids. 

Liquid chromatography, ion mobility spectrometry, and mass spectrometry (LC-IMS-MS) separations were then used for capsid 

denaturing measurements. This multi-method combination was applied to 3 AAV serotypes (AAV2, AAV6, and AAV8) to evaluate 

their intact empty and filled capsid ratios and then examine the distinct VP sequences and modifications present.

Introduction 

Gene therapy has recently emerged as a promising treatment for 

human diseases and conditions because it is able to alter a patient’s 

genetic code and address the root cause of many disorders.1, 2 Cur-

rent gene therapy approaches use a variety of biological vectors in-

cluding bacteria, viruses, and plasmid DNA to deliver the genetic 

payload that can either replace the faulty gene, add genes, or silence 

the mutated gene.3 However, because of these alterations, gene 

therapy is approached with great caution and requires extensive an-

alytical characterization and validation of these vectors to ensure 

patient safety and effective treatment.  

 

One viral gene therapy vector gaining significant traction is the 

adeno-associated virus (AAV). AAVs are favored  for gene therapy 

due to their relatively low structural complexity and relatively high 

immune system tolerability.4 Structurally, AAVs are icosahedral 

higher order protein structures as shown in Figure 1A. Each AAV 

is comprised of three different viral protein (VP) subunits, VP1 

(≈81 kDa), VP2 (≈65 kDa), and VP3 (≈60 kDa), configured in 

roughly a 1:1:10 ratio (VP1:VP2:VP3).2, 5 An intact AAV capsid is 

thus on the megadalton (MDa) scale, capable of housing an ≈5 kb 

DNA genome. AAV capsids can deliver and insert genetic pay-

loads into a variety of cell types that are contingent on the specific 

AAV serotype, which in turn differ by the VP sequence subunits. 

For example, a common AAV serotype is, AAV2 that is used to 

target retinal dystrophy (tradename Luxturna) and AAV9 for the 

treatment of spinal muscular atrophy (tradename Zolgensma).  

The structural composition of each AAV, including its constitutive 

subunits, genetic payload, and their appropriate combination, de-

termines its biological function. Assessing the quality and charac-

teristics of AAV is vital, yet this assessment presents several ana-

lytical challenges. First, the VP subunits are susceptible to post-

translational modifications (PTMs), such as phosphorylation, de-

amidation, and oxidation, which affect the AAV’s stability, tissue 

tropism, and transduction efficiency.6 Second, there is a high de-

gree of sequence overlap between VP1, VP2, and VP3 because the 

sequence of VP3 is contained within the sequence of VP2 and be-

cause VP2 is contained within VP1 (Figure 1B). Thus, VP1 and 

VP2 have unique N-terminal sequence region but share common 

C-terminal sequences, which limits bottom-up proteomic analy-

sis.5, 6 Furthermore, the large MDa mass of each intact AAV capsid 

presents a unique analytical barrier for intact characterization using 

traditional native mass spectrometry. This factor is further compli-

cated by the DNA genome, thus necessitating methods for discern-

ing the degree of encapsidation.7, 8 
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Currently, AAV serotype identification and characterization meth-

ods use a variety of analytical techniques, including enzyme-linked 

immunosorbent assay (ELISA), ultracentrifugation, electron mi-

croscopy (EM), and for the native virus, polymerase chain reaction 

(PCR).9-13 Although each method is successful in its respective 

aims, each has shortcomings and limitations. AAV serotype iden-

tification by ELISA is limited by a lack of serotype-specific anti-

bodies, as well as limited specificity in distinguishing between 

serotypes that possess a high degree of sequence similarity.10 Ad-

ditionally, although PCR requires smaller sample volume than ul-

tracentrifugation (≈20 µL final volume), it is primarily used to as-

sess genome titer rather than performing definitive sample charac-

terization.10, 11 In addition to the challenges of serotype identifica-

tion and analysis, encapsidation presents its own unique issues. Ul-

tracentrifugation is capable of distinguishing between empty and 

filled AAV capsids, but it requires large sample volumes, typically 

400 µL or greater.10 Although EM requires less sample volume 

than ultracentrifugation, EM traditionally requires highly purified 

samples for accurate component characterization. Furthermore, as 

EM is an image-based technique, it requires visual assessment of 

each image from a trained technician, limiting its utility in high-

throughput applications. 

  

Recently, mass spectrometry (MS) has been used to characterize 

both intact AAV capsids and their denatured VP subunits across a 

variety of serotypes. For intact AAV capsid analysis, charge 

detection (CD)-MS has alleviated several analytical challenges 

faced by traditional MS-based approaches.5, 14-17 CD-MS is a sin-

gle-particle MS technique where the masses of individual ions are 

obtained by the simultaneous measurement of their mass-to-charge 

(m/z) ratios and charge.18-20, 21 This approach provides accurate 

mass determinations of high molecular weight samples. Here, we 

use selective temporal overview of resonant ions (STORI)-based 

CDMS to analyze intact empty and filled AAV capsids, which are 

on the MDa scale. MDa measurements are challenging when using 

traditional MS methods due to the overlapping signals between 

charge states of large molecules, the inability to distinguish isotopic 

distribution within an isolated charge state, and  instrumental limi-

tations in the m/z dimension.22-25 CD-MS was first demonstrated on 

home-built instruments14 and has been recently implemented on 

commercial Fourier Transform (FT) platforms (e.g. Orbitraps) for 

intensity-based CD-MS measurements.21, 26-28 For example, Ebber-

ink et al. were able to distinguish between empty and filled AAV 

capsids based on their genetic payload content using an ultra-high 

mass range (UHMR) Orbitrap mass analyzer.29 

  

Although early Orbitrap CD-MS methods provided promising re-

sults, initial datasets were limited by high charge uncertainty due 

to ions that did not survive the whole transient, in addition to low 

signal-to-noise ratios. To address these limitations, a recent study 

by Kafader et al. highlighted STORI-based CD-MS30. STORI-

based CD-MS has benefits over other approaches, including the 

correction of intermittent signals as well as the differentiation of 

single and multiple ions at the same frequency.30 STORI-based 

CD-MS therefore enables improved peak shape and resolution 

compared to intensity-based CD-MS5, 17, 30, 31, as well as the capa-

bility to detect partial and overfilled capsids. Recently, the Heck 

lab has developed a frequency tracking method for intensity-based 

CD-MS, which has greatly improved resolution for various ana-

lytes, however we did not have access to the transient data for this 

manuscript and could not employ this technique.21  

 

While intact measurements are important to understand the number 

of VP subunits and cargo, denatured analysis is also of great signif-

icance for evaluating modification in the subunits. For example, 

Liu et al. denatured and ruptured intact AAV capsid and then chro-

matographically separate individual VP subunits for detection with 

fluorescence and MS.6, 32 This subunit analysis method provided 

the unique selectivity for VPs of a variety of AAV serotypes. Ad-

ditionally, VPs with post-translational modifications (PTMs), in-

cluding oxidation and phosphorylation, were also distinguished us-

ing this approach. Here, we build on this approach by adding drift 

tube ion mobility spectrometry (DTIMS) to the LC-MS measure-

ments for top-down structural characterization of the AAV VP sub-

units and their corresponding PTMs. DTIMS provides gas-phase 

separation of molecules based on their size, shape, and charge,33, 34 

which enables a complementary assessment of the gas phase size 

of VP subunits both with and without PTMs. We then used both the 

LC-DTIMS-MS evaluation of individual VP subunits as well as the 

STORI-based CD-MS evaluation of the intact capsids to provide a 

more comprehensive analytical evaluation of AAVs on the intact 

and VP subunit levels.  These combined methods address many of 

the remaining analytical challenges associated with AAV charac-

terization and offer the ability to improve quality control of AAVs 

from intact formulations to the VP subunit level. 

 

Experimental 

Materials and Methods 

AAV formulations were purchased from Virovek (Hayward, CA). 

AAV formulations included empty and filled capsids of serotypes 

Figure 1. AAV capsid and sequence information. A) Intact AAV 

capsid structure, showing exterior and interior. Intact AAV capsids 

have an icosahedral structure formed from three subunit viral pro-

teins (VP1, VP2, and VP3). Experimentally observed masses of 

empty capsids for AAV2, AAV6, and AAV8 are shown below the 

capsid structure. B) VP sequences are conserved within a given 

AAV serotype as shown using colored bars. The entire VP3 se-

quence (black) is contained within the sequence of VP2, with the 

additional sequence portion shown in blue. The VP2 sequence (blue 

and black) is also contained within the sequence of VP1, with the 

unique N-terminus shown in orange. Approximate masses of each 

VP regardless of serotype are also noted. 
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2, 6, and 8, where filled capsids contained the cytomegalovirus 

(CMV) promoter region tagged with green fluorescent protein 

(GFP) functioning as the reporter, corresponding to an expected 

mass of 0.783 MDa.35 AAV samples were also purchased from Vi-

rovek, wherein each sample was shipped and stored in phosphate 

buffered saline (PBS) with Pluronic F-68 at a volume of 0.001%. 

AAV2 capsid storage solutions also contained sodium citrate buffer 

to prevent aggregation at high concentrations. Solvents and mobile 

phase additives were purchased as LC-MS grade reagents from 

Millipore Sigma (Burlington, MA). 

 

Intact AAV Preparation 

All intact AAV capsids were buffer exchanged into 0.2 mol/L am-

monium acetate and were concentrated using a 100 kDa molecular 

weight cut-off filter. Each sample was buffer exchanged at least 

twice consecutively to ensure a total replacement of the AAV sam-

ple from the PBS based storage solution to the ammonium acetate 

to minimize contamination of the source region. 

 

Intensity-based CD-MS 

Intensity-based CD-MS, pioneered by the Heck lab and Alexander 

Makarov36, 37,  was performed on an UHMR Orbitrap (Bremen, 

Germany) as described previously.28, 29, 31, 37 Intensity-based CD-

MS uses the signal intensity or the signal-to-noise (S/N) ratio of 

single ions to determine their charge.31 For our intensity-based CD-

MS measurements, we used the S/N ratio to determine the charge 

of single ions. The S/N to charge slope conversion was calibrated 

using standard proteins with known charge states as previously de-

scribed.31 Similar to our previous work, we found a slope of 0.205 

S/N per charge at 240k resolution and a slope of 0.148 S/N per 

charge at 120k resolution worked well for these experiments. In-

strument parameters were the same between the intensity- and 

STORI-based CD-MS measurements (explained below), except the 

enhanced Fourier transform (eFT) was left on and the data was cen-

troided and the noise threshold was set to 0. Because other instru-

ment parameters may affect these calibrations, these values are pro-

vided as references only and will need to be calibrated on each 

unique instrument and with a given set of instrument parameters.   
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Figure 2. Comparing the resolving power of intensity-based CD-MS and STORI-based CD-MS. A) The peaks and masses of empty 

AAV2 (left), AAV6 (middle), and AAV8 (right) capsids for intensity-based Orbitrap CD-MS (red dashed) and STORI-based CD-MS (black) 

deconvolution. STORI-based CD-MS narrowed peak shapes and lowered the masses when compared to intensity-based CD-MS. B) The 

peaks and masses for CMV-GFP filled AAV2 (left), AAV6 (middle), and AAV8 (right) capsids were also assessed. Again, STORI-based 

CD-MS shows improved peak shape, distinguishing multiple peaks for empty and filled capsids. 
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STORI-based CD-MS 

STORI-based CD-MS was performed on an UHMR Orbitrap (Bre-

men, Germany) as described previously by Kafader and coworkers 

using a beta version of the Direct Mass Technology mode (Thermo 

Scientific).30 Briefly, STORI tracks the intensity of a single ion dur-

ing its transient as a function of time. The slope of the resulting 

time versus intensity plot for a single ion is directly related to the 

charge of the ion.30, 36 STORI slopes in this work were calibrated 

by resolving intact AAV capsids with native MS and overlaying the 

STORI-based CD-MS data over the native MS data to confirm the 

m/z values and their associated charge states prior to STORI-based 

CD-MS analysis. For 240k resolution, a STORI conversion of 

112100 slope per charge was used, and for 120k, a STORI conver-

sion of 113800 slope per charge was used. STORI mode was ena-

bled, and the m/z range was 15,000 to 40,000. Argon was used as 

the collisional gas, and trapping pressure was set to 10. Importantly, 

setting the bent DC flatapole to 10 V improved transmission of 

filled AAV capsids. The spray voltage was variable from 1.0–2.0 

kV. For empty capsids, the resolution was set to 240k resolution, 

and for filled capsids it was set to 120k resolution. Lowering the 

resolution allowed the acquisition of more scans and thus higher 

ion counts for the filled AAV capsids. For empty capsids, the DC 

offset voltage was set to 10V to 21 V, but for filled capsids this was 

lowered to 0 V. These changes in the DC offset voltage did not 

cause major differences in transmission of empty and filled capsids. 

However, instrument parameters may need to be adjusted for in-

struments that use different collision gases such as nitrogen or 

xenon. STORIboard software (Thermo Scientific and Proteina-

ceous) was used to convert the raw files to direct mass technology 

(DMT). In the current version of DMT, the STORI-based data is 

saved with the raw thermo file, and STORIboard is required to open 

and process the STORI data because the STORI plots are encrypted 

and cannot be visualized by the user. For processing the raw 

STORI-based files, we started with a default template for analytes 

over 500 kDa. For the STORI processor, the r-squared threshold 

was set to 0.99, with a duration threshold of 3, time of death 0, 

maximum time of birth of 0, and signal to noise threshold of 0, and 

these settings should retain 100% of the signal ions for a 512 ms 

transient time. The charge assigner parameters were kept at the de-

fault of 50 m/z tolerance and number of averaged ions was set to 

50.  Three replicate measurements were taken for each AAV to al-

low for standard deviations so that error bars can be used. Subse-

quently, the STORI-based files were then processed in UniDecCD, 

a free software available from https://github.com/mich-

aelmarty/UniDec/releases.31, 38 

 

UniDecCD Processing 

UniDecCD (UCD) was used to process and plot the intensity- and 

STORI-based CD-MS data. The m/z bin size was set to 400 and a 

charge bin size of 1 and mass bin size of 1000 Da were used. For 

the intensity-based CD-MS data, the m/z gaussian smoothing was 

set to 1, and in deconvolution, the smooth nearby points was set to 

1, the m/z full-width-half-maximum (FHWM) was set to 10 and the 

charge FWHM was set to 8, similar to our previous work.31, 39 Be-

cause STORI has lower charge uncertainty compared to other in-

tensity-based CD-MS methods31, no deconvolution was used for 

the STORI-based AAV data, but the maximum mass was set to 7 

MDa. 

 

LC-IMS-MS Parameters 

Chromatographic parameters for AAV characterization were 

adapted from Liu et al. to optimize on-column separation of the 

AAV VP subunits using an LC-IMS-MS platform.6 Briefly, a 1290 

Agilent UPLC (Santa Clara, CA) was used with a Waters glycopro-

tein BEH Amide Column (2.1 mm x 150 mm, 1.7µm). 7 µL injec-

tions were performed, where mobile phase A was comprised of wa-

ter with a volume fraction of 0.1% trifluororacetic acid (TFA)with 

5mM ammonium acetate, and mobile phase B was a volume frac-

tion of 0.1% TFA in acetonitrile with 5mM ammonium acetate. The 

LC column temperature was maintained at 60 ℃ with a 0.2 mL/min 

flow rate. For extended chromatographic conditions and gradient 

information, see Table S1 in the supplemental information docu-

ment. Following chromatographic separation, AAV VP subunits 

were analyzed using an Agilent 6560 IM-QTOF (Agilent Technol-

ogies, Santa Clara, CA), which has been previously characterized 

in detail.40 Briefly, in this study the subunits were ionized using the 

Jet Stream ESI source operated in positive ion mode with source 

conditions detailed in Table S2 in the supplemental information 

document. Following ionization, analytes are pulsed into a uniform 

field drift tube with a uniform electric field drop of ≈17 V/cm for 

mobility separation prior to entering the time-of flight (TOF) mass 

analyzer. The extended IM-QTOF parameters are also detailed in 

Table S3 in the supplemental information document. 

 

Table 1: Experimentally determined masses and percent error for both empty and filled AAV capsids using both intensity- and STORI-

based CD-MS. 

Extra Filled*= Assumed to have two of the CMV-GFP payloads. ND* = Not detected. 

https://github.com/michaelmarty/UniDec/releases
https://github.com/michaelmarty/UniDec/releases
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Following acquisition, the Agilent .d data files were converted to 

.mzml files using MSConvert41, and uploaded to Universal Decon-

volution software (UniDec)38 for analysis and visualization. A de-

tailed description of the file conversion process of Agilent .d data 

files and their analysis using UniDec can be found in the supple-

mental file titled “UniDec Deconvolution of Agilent .d Data”. 

UniDec enables the deconvolution of complex mass and IMS spec-

tra, as well as charge dimension visualization and IMS calculations 

such as profiling collision cross section (CCS) values. UniDec’s 

method for deconvolution employs an iterative Bayesian deconvo-

lution to determine the effective contribution of each m/z and 

charge to the overall spectrum, which has been described in previ-

ous publications.38 The specific UniDec parameters used to pro-

cess, deconvolve, and visualize the data can be found in Table S4. 

All data files are located at ftp://mas-

sive.ucsd.edu/MSV000092048/ and https://massive.ucsd.edu/Pro-

teoSAFe/dataset.jsp?accession=MSV000091650 for LC-IMS-MS 

and CD-MS experiments respectively. 

 

Results and Discussion 

Intensity- and STORI-based CD-MS Capsid Analysis 

Because AAVs are used as gene therapeutic vectors, it is critical to 

determine successful encapsidation of intact AAV capsids so they 

are filled with the desired payload. For example, the genetic pay-

load was CMV-GFP, which is comprised of 2,544 bases and has an 

expected mass of 0.783 MDa.35 Prior work from Heck, Jarrold, and 

Williams15, 17, 42, 43 has used CD-MS to study AAVs. Here, our goal 

was to compare the performance of STORI-based CD-MS against 

intensity-based CD-MS and integrate these measurements with de-

natured LC-IM-MS analysis. 

First, analysis of intact AAV capsids was performed on empty 

AAV2, AAV6, and AAV8 capsids using both intensity-based and 

STORI-based CD-MS. For the empty capsids, AAV2 and AAV8 

had similar masses of ≈3.70 MDa and AAV6 had the lowest mass 

(≈3.63 MDa) as shown in Figure 2A. With STORI-based CD-MS, 

the mass peaks for empty AAVs had full-width half-maximums 

(FWHMs) of 230 kDa to 300 kDa, which was similar in resolution 

to the analysis of AAV8 capsids also purchased from Virovek and 

analyzed in a previous study by Jarrold and co-workers using a cus-

tom-built CD-MS instrument, which enabled high-resolution 

charge measurements.35 Differences were however observed in the 

deconvolved intensity-based CD-MS and STORI-based CD-MS 

mass peaks. STORI-based CD-MS had narrower peak widths over 

intensity-based CD-MS. The narrower peak widths were likely due 

to the capability of STORI-based CD-MS to have more accurate 

charge assignments with single ion by tracking the transient of each 

ion rather than the intensity-based CD-MS, which typically only 

uses the post Fourier transform data. The more precise charge as-

signments from STORI-based CD-MS therefore result in a lower 

charge uncertainty compared to intensity-based CD-MS, although 

new frequency chasing methods would improve the resolution of 

intensity-based CD-MS, but we did not have access to the transient 

data to perform frequency tracking.17  

Interestingly, STORI gave lower masses of empty AAV capsids 

compared to intensity-based CDMS, but the masses matched more 

closely for the filled AAV capsids (Figure 2). The observed lower 

masses are possibly due to shifted AAV frequencies caused by col-

lisions with background gas in the Orbitrap during the longer tran-

sient measurements, which gives an arbitrarily lower charge as 

changes in ion trajectories cause small drops in the STORI plot that 

decrease the overall slope but not outside of the accepted linearity 

range. This effect has also been observed for intensity-based 

CDMS AAV measurements at higher transient times.17 The filled 

AAV capsid masses from both STORI- and intensity-based CDMS 

match more closely because those were collected with a lower res-

olution, which lowers the transient time and thus lowers the proba-

bility that an AAV collides with background gas in the Orbitrap 

and shifts in frequency. It is important to note that these CD-MS 

measurements were collected on a high field (HF) UHMR and fre-

quency shifts may be more or less prominent on larger Orbitrap 

geometries due to different distances travelled at the same transient 

time. 

Following analysis of the empty AAV capsids, filled AAV capsids 

loaded with the promoter region of CMV-GFP were evaluated with 

intensity- and STORI-based CD-MS (Figure 2B). The filled cap-

sids for each serotype possessed an additional 0.9 MDa mass shift 

compared to the empty AAV capsids, accounting for the CMV-

GFP, which has a theoretical shift of 0.783 MDa. All serotypes also 

had an additional mass shift of 0.7 MDa, illustrating extra filling, 

potentially representing an additional intact second cargo, or a 

Figure 3. STORI-based CD-MS analysis of mixed empty and filled capsid preparations for AAV2 (left), AAV6 (middle), and AAV8 

(right). Samples were created by mixing the empty and filled AAV capsids for each serotype at a ratio of 1:6 ratio of empty to filled, which 

resulted in various relative ratios of empty and filled capsids due to different over-filling amounts for each serotype.  

 

ftp://massive.ucsd.edu/MSV000092048/
ftp://massive.ucsd.edu/MSV000092048/
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?accession=MSV000091650
https://massive.ucsd.edu/ProteoSAFe/dataset.jsp?accession=MSV000091650
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truncated version of the cargo.36 AAV2 and AAV6 capsids pos-

sessed a small contribution of the extra filled population, but a very 

high abundance of the extra filled distribution was noted for AAV8. 

For AAV8, this result may suggest that the preparation favors a 

capsid with two intact, or one intact and one truncated DNA cargos, 

which has been reported previously.35, 42, 44  

As with the empty capsids, in the intensity- to STORI-based CD-

MS comparison, there is also a clear improvement in resolution 

with STORI-based CD-MS. For the AAV mixtures, STORI-based 

CD-MS allowed for the separation of AAV capsids containing a 

single payload from extra filled capsids containing more than a sin-

gle payload. Additionally, for AAV6, STORI CD-MS was also able 

to distinguish a population of capsids corresponding to the unfilled 

AAV6 mass, as shown in Figure 2B.  

For comparison, both the experimental and theoretical intact capsid 

masses are shown in Table 1. Generally, the errors for both inten-

sity- and STORI-based CD-MS were relatively close, with all val-

ues for STORI-based CD-MS generally correlating by less than 

1000 ppm error from the proposed literature value, and intensity-

based less than ≈1500 ppm except for filled AAV8, which had a 

much higher ppm error for the filled AAV8 formulation specifi-

cally. However, because literature is limited for the filled AAVs, 

their mass values were calculated using the theoretical 1:1:10 ratio 

of VP1:VP2:VP3, and assuming that capsids were comprised of 60 

VP subunits in total. Therefore, some errors could occur due to 

these assumptions. Because STORI-based CD-MS had higher res-

olution than intensity-based CD-MS,5, 17, 31 it was evaluated for sep-

arating empty and filled capsids for each serotype. To perform this 

study, a predefined 1:6 (v/v) ratio, post buffer exchange, of the 

empty to filled capsids for each serotype was mixed and analyzed 

(Figure 3). STORI-based CD-MS was able to successfully resolve 

empty, filled, and over filled capsids in the same sample with 3 min 

to 15 min acquisition times to accumulate enough ions. 

  

The AAV spectra differed in each sample for several reasons. First, 

there were different amounts of overfilled capsids in each formula-

tion, which is reflected by the differential relative intensities of the 

empty and filled capsids. Second, there were different amounts of 

empty capsids in each formulation. For AAV6, the filled AAV 

sample had more empty AAV capsid present, leading to a higher 

amount in the mixed analysis of that serotype. Finally, the v/v ratios 

were mixed after buffer exchange. Because AAVs can be lost dur-

ing the buffer exchange process by sticking to the molecular weight 

cut-off filter or from unfolding, this led to slightly different molar 

mixing ratios than predicted from pure v/v mixing. Overall, 

STORI-based CD-MS performed better than intensity-based CD-

MS at distinguishing different subpopulations of AAVs without ad-

ditional processing or deconvolution.  

 

HILIC Separation of VP Subunits 

Analysis of individual VP subunits is also a crucial step in the char-

acterization of AAVs as gene therapeutic vectors. The high degree 

of overlap in the VP amino acid sequences within a given serotype 

necessitates advanced analytical methods capable of separating 

proteins with similar characteristics.5 The combination of LC-IMS-

MS applied here is able to distinguish denatured VP subunits within 

a given AAV serotype, as well as VP subunits across serotypes. 

The LC gradient used was the same as  a previously established 

HILIC method,6 with adaptations made for the mass spectrometer 

to facilitate ion mobility analysis, such as the parameters outlined 

in Table S2 and Table S3 in the supplemental information docu-

ment. The HILIC separations for AAV2, AAV6, and AAV8 with 

filled capsids are shown in Figure 4. Additionally, total ion 

chromatograms of empty AAVs are given in Figure S1, and an 

overlay of the empty and filled chromatograms shown in Figure 

S2.   

For all tested AAV serotypes, the HILIC elution order was con-

sistent with VP3 eluting first, followed by VP1, and then VP2.  
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Figure 4. Total ion chromatograms (TICs) of denatured A) 

AAV2, B) AAV6, C) AAV8, and D) all three AAVs overlayed. 

The total ion chromatograms (TICs) for each AAV show separa-

tion of all three VP subunits, as well as post-translationally mod-

ified (PTM) variants. For the PTMs, oxidation of VP3 is observed 

for AAV2, oxidation of VP3 and VP2 occurs for AAV6, and phos-

phorylation of all VPs is present for AAV8. The overlay of TICs 

for AAV2, AAV6, and AAV8 illustrate how their VP3 have dif-

ferent retention times while similar LC retention times are noted 

for VP2 and VP3 for AAV2 and AAV8. 
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Consistent retention times were also observed for each VP subunits 

regardless of whether the sample putatively included the payload, 

though differences in intensity were observed between the empty  

and filled samples. The details of the bioprocess for the various 

samples are not known, however, it is likely that the only difference 

was the inclusion of transgene for the filled AAVs.  Differences in 

overall abundance of VPs can likely be attributed to differential 

capsid formation in the presence of the cargo and/or slight differ-

ences in the process for the samples.  

In addition to separation of VPs within a given AAV serotype, the 

VPs of different AAV serotypes are distinguishable through their 

VP3 retention times, as these provide the greatest retention time 

difference between the AAV serotypes in this study with elution 

ranging from ≈7 minutes to 11 minutes. Of the serotypes, VP3 for  

AAV6 eluted first, followed by AAV8, and then AAV2. VP1 and 

VP2, along with their PTM forms, showed very slight differences 

in retention time when comparing AAV6 to either AAV2 or AAV8. 

For AAV2 and AAV8, the retention times of VP1 and VP2 and 

their PTMs are very similar, with all peaks eluting in the window 

of ≈12 minutes to 13.5 minutes, so distinguishing between these 

serotypes is most easily observed by comparing VP3. The separa-

tion of VPs with different PTMs was also observed and confirmed 

by MS. AAV2 and AAV6 were observed to have oxidized modifi-

cations, though other PTMs may have been present and were not 

detected. Specifically, VP3 was oxidized in AAV2, but both VP3 

and VP2 were oxidized in AAV6. Interestingly, PTMs were ob-

served on all 3 VP subunits of AAV8, but rather than oxidation, 

phosphorylation was observed. Characterization of PTMs is im-

portant because they could have implications to the overall func-

tionality and stability of AAV formulations.45, 46  

 

DTIMS Analysis 

To confirm and further characterize the PTMs and VP amino acid 

sequences of the denatured VPs, IMS-MS was employed following 

the LC separation. Previous work has shown ion mobility to be of 

great use in analyzing native protein structure. 47-49 However, to our 

knowledge, this was the first analysis of AAV capsids using the 

described LC-DTIMS-MS analytical workflow. Moreover, due to 

the complexity of the collected LC-IMS-MS spectra, advanced data 

analysis is also needed. Thus, it was necessary to employ UniDec38 

to deconvolve and visualize the collected data. Prior to this study 

Agilent IMS-MS .d data files were incompatible with UniDec soft-

ware, so UniDec was altered to accept this data. Detailed steps are 

included in the Supplemental UniDec Protocol. Following UniDec 

deconvolution, a nested drift time versus m/z plot is produced as 

shown in Figure 5. These nested spectra were sorted by AAV sero-

type across each row, and down each column by individual VPs. 

Interestingly, when visually comparing the nested spectra for a 

given VP subunit in the different serotypes, very few differences 

were observed. Upon confirmation with the calculated CCS values 

and the ΔCCS (%) calculations comparing CCS values at specific 

charge states for each VP in each serotype, no two CCS values were 

found to possess a difference greater than 0.77% (Table S10) in the 

supplemental information document. Despite the primary sequence 

differences confirmed by MS analysis, the overall size and struc-

ture of the VPs in the gas phase are nearly indistinguishable. Col-

lectively noting that the ΔCCS (%) for comparisons in this work 

averaged ≈0.3%, separating these VP subunits by IMS alone would 

require ≈450 RP that is currently unobtainable for most commer-

cially available IMS platforms.50, 51 The high degree of similarity 

of the VP CCS values may potentially suggest the need for VPs to 

be of a similar size, regardless of sequence, to facilitate capsid 

formation and specific targeting. However, CCS is a gas phase de-

scriptor of size, and future analysis of AAVs may provide more 

insight into VP native structure. Specifically, the incorporation of 

IMS may be of particular use for complex samples with overlap-

ping chromatographic profiles. Although the cross sections of the 

AAV VPs analyzed in this study were indistinguishable with our 

current instrumentation, IMS still has the capability of separating 

impurities and contaminants present in each sample. Furthermore, 

as IMS technology continues to improve, separation of these AAV 

VPs may be achieved in future work. 

 

In addition to producing charge state assigned nested spectra, 

UniDec also has the capability to plot and visualize data in 4 di-

mensions. In Figure 5B (left), the cube plot shows deconvolution 

of raw data, with drift time on the y-axis, m/z on the x-axis, and 

charge state on the z-axis. Intensity is shown as a heat map for each 

comparison. Additionally, the Figure 5B (right) cube shows cal-

culated values such as CCS and monoisotopic mass, allowing for 

rapid visualization of data in multiple dimensions. As an example 

of UniDec’s 4-dimensional plotting capabilities, Figure 5B shows 

cube plots for VP3 from an empty AAV2 formulation.  

 

MS Determination of VP and PTM Masses 

Analysis of VP1, VP2, and VP3 for AAV2, AAV6, and AAV8 was 

facilitated through UniDec’s deconvolution and visualization of the 

complex spectra acquired in these experiments. Using the charge 

state assignment from UniDec’s deconvolution, it was possible to 

determine masses for each VP, as well as the modified VPs present. 

For both empty and filled formulations of AAV2, AAV6, and 

AAV8, experimentally determined VP masses agreed with the ex-

pected theoretical masses for both the modified and unmodified 

forms of each VP subunit.6 As previously noted, the type of PTM 

observed varied with AAV serotype. AAV2 and AAV6 had differ-

ences of ≈16 Da between modified and unmodified VP3, corre-

sponding to an added oxygen. Although there was no VP2 modifi-

cation detected for AAV2, the mass difference between modified 

and unmodified AAV6 VP2 was ≈32 Da, again corresponding to 

an oxidation PTM but with two oxygen atoms. Although oxidation 

was observed in both AAV2 and AAV6, for AAV8, VP1, VP2, and 

VP3 each has mass difference between the modified and unmodi-

fied VP masses of ≈80 Da, corresponding to phosphorylation. 

These identifications are based solely on observed mass shift, re-

tention time, and previous studies on these AAV serotypes and for-

mulations. Due to their molecular size and the corresponding 

charge states, we were unable to distinguish isotopes at a given 

charge state. Despite this, m/z values in the lower m/z range (500-

1000 m/z) correspond to expected values based on increasing 

charge state of the VPs.  Further confidence could be gained 

through the use of complimentary techniques such as tandem mass 

spectrometry for the identification and purity assessment of PTMs.  

The observed mass differences are in agreement with previous 

analysis of these AAV serotypes6. The observed masses and mass 

differences for the detected modified and unmodified VP subunits 

across all serotypes showed no difference when comparing the 

empty vs. filled formulations, though it should be noted that the 

filled AAV capsids had a lower intensity, potentially indicating an 

influence of the cargo. Even with intensity differences, the similar-

ities between filled and empty AAV capsids indicate that the cargo 

produced no impact on the modifications made to the subunit pro-

teins.  

 

Conclusions 
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As the field of gene therapeutics continues to progress, it is imper-

ative that advancements in analytical techniques used for product 

and process development follow suit. Here, we illustrate a multi-

method workflow capable of characterizing a variety of AAV sero-

types from the intact capsid level down to the VP subunits. STORI-

based CD-MS provided accurate mass measurements of both 

empty and filled AAV capsids, as well as the capability to resolve 

multiple capsid masses in a mixture of empty and filled capsids. 

The varying intensities of the capsid peaks in that mixture corre-

spond to the relative amounts of each capsid formulation, providing 

a metric for efficiency of product formulation, as well as the ability 

to discern between over or partially filled capsids. Compared to in-

tensity-based CD-MS, STORI-based CD-MS also provided greater 

resolution and narrower peak shapes but gave comparable percent 

mass error. 

  

HILIC chromatography paired with an IMS-MS platform achieved 

successful separation of VP subunits across AAV serotypes, as well 

as distinction of the unmodified VP peaks from any detected PTMs. 

The IMS dimension elucidated gas phase structural information 

about the VP subunits, indicating that at any given charge state, 

regardless of serotype, the structures of each VP were similar for 

the different serotypes. Mass analysis of the detected m/z peaks 

confirmed the presence of oxidation as the PTM observed for both 

AAV2 and AAV6, and phosphorylation for AAV8. By combining 

both the STORI-based CD-MS and LC-IMS-MS platforms for 

AAV analysis, it was possible to assess the quality and characteris-

tics of the product on both an intact capsid and a VP subunit level, 

providing more extensive and accurate characterization of AAVs.  
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