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Abstract 

Gene therapy has evolved over the past decade into a promising therapeutic class for 

treating many intractable diseases. Recombinant adeno-associated virus (AAV) is the most 

commonly used viral vector for delivering therapeutic genes. Independent of the 

manufacturing process for AAVs, the clinical materials are inherently heterogeneous and 

contain both empty and full capsids. Empty capsids can impact the safety and efficacy of 

AAV products and therefore their level needs to be controlled. Several analytical methods 

have been reported for this purpose. However, some of these methods have an 

insufficient assay range, or rely on instruments that cannot be readily implemented in a QC 

environment. Here, we describe a fast size exclusion chromatography (SEC) assay with 

dual-wavelength detection (SEC-DW) to directly determine the percent full capsids of AAV 

samples based on their peak area (PA) ratios. The two detection wavelengths selected to 

represent encapsidated transgenes and capsid proteins are 260 nm and 230 nm, 

respectively instead of the conventionally used 260 nm and 280 nm. The use of 230 nm 

instead of 280 nm to monitor the contribution of the capsid protein results in a linear 

relationship between the PA260/PA230 ratio and the percent full capsids, unlike the non-

linear relationship observed when the PA260/PA280 ratio is used. As a result, the method 

exhibits a significantly extended assay range (up to 91% full capsids). The accuracy of the 

SEC-DW method was confirmed by comparing the results obtained against results from 

orthogonal high-resolution methods such as analytical ultracentrifugation (AUC) and cryo-

electron microscopy (Cryo-EM) and excellent agreement was obtained when common 

samples were analyzed using the different methods. The SEC-DW method runs on a readily 

accessible HPLC instrument platform, provides much higher assay throughput compared to 

AUC and electron microscopy (EM), and can be implemented as a release method in a QC 

environment or used as a rapid screening tool to support process development and 

product understanding. 

Keywords: AAV, AUC, Cryo-EM, empty and full capsids, gene therapy, and SEC-DW 
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Introduction 

Adeno-associated virus (AAV) is a small nonpathogenic parvovirus, in which a linear single 

stranded DNA genome with a size of approximately 4.7 kilobases is packaged into a 

nonenveloped icosahedral capsid. The viral genome consists of three viral genes rep 

(replication), cap (capsid), and aap (assembly-activating protein) flanked by two inverted 

terminal repeats (ITRs)1. The capsid is assembled as a 60-mer from three viral proteins 

(VPs) VP1, VP2, and VP3 with an approximately 5:5:50 ratio2. In therapeutic recombinant 

AAVs (rAAVs), the viral genome is replaced with a transgene, while the ITRs are retained 

for proper genome replication and packaging. The transgene is converted into a double 

stranded DNA for gene expression after entering the target cell nucleus, to exert 

therapeutic effects. 

To date, three rAAV gene therapies have been approved, Glybera for rare lipoprotein 

lipase deficiency (EMA, 2012); Luxturna for Leber's congenital amaurosis (FDA, 2017) and 

Zolgensma for spinal muscular atrophy (FDA, 2019)3. Many more rAAVs are in clinical trials 

for various disease indications3-5. During manufacturing, vectors harboring full-length 

genome (full capsids), no genome (empty capsids), fragments of genome (partial capsids), 

and non-transgene related host cell DNAs are produced6. While bona fide full capsids are 

purified as desired product, some empty capsids cannot be easily removed and are 

inevitably present in the drug substance (DS) due to their similar structural properties1, 7, 8. 

Although the impact of the presence of empty capsids on therapeutic outcomes is not fully 

understood yet, Gao et al. reported that empty capsids reduced transduction efficiency 

and induced liver transaminitis in mouse models9. In contrast, Mingozzi et al. suggested 

that empty capsids can serve as decoys to mitigate the inhibitory effect of pre-existing 

anti-AAV antibodies and actually enhance gene transfer efficiency10, 11. Independent of the 

impact of empty capsids12, 13, the level of empty capsids needs to be monitored to further 

our understanding of their impact on safety and efficacy, and controlled to ensure the 

consistency of product quality14, 15.  

Multiple methods have been reported for quantifying empty or full capsids in AAVs. 

Sommer et al. quantified empty capsids in purified AAV samples based on the A260/A280 

ratio from optical density measurements after sample denaturation. The capsid-to-vector 
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genome ratios (cp/vg) correlated well with the ratios determined by qPCR and capsid 

ELISA16. However, since the specificity of the method is limited, non-vector proteins, free 

nucleic acids, and other components can significantly affect the accuracy of this method. 

Transmission electron microscopy (TEM) has been used to visualize AAV particles after 

negative staining17. Empty and full capsids are differentiated based on the electron density 

and counted to yield percent full capsids. Burnham et al. employed analytical 

ultracentrifugation sedimentation velocity (AUC-SV) experiments to characterize AAV 

vectors based on their sedimentation behavior in a centrifugal field18. In addition to empty, 

full, and partial capsids, AUC-SV can also resolve higher order species and fragmented 

capsids. Pierson et al. used charge detection mass spectrometry (CDMS) to determine the 

distribution of empty, partial and full capsids by concurrently measuring the mass charge 

ratio (m/z) and the charge (z) of individual ions19. Li et al. has recently introduced a 

capillary isoelectric focusing (cIEF) method to determine the empty and full ratio of AAV 

vectors20. These methods distinguish the empty and full capsids using different 

mechanisms, and therefore provide complementary insights in the composition of the 

sample. However, some methods such as AUC and CDMS are difficult to implement in a 

quality control (QC) environment, and some may face challenges due to inadequate assay 

range or low throughput. Chromatographic methods, being high-throughput, as well as 

readily accessible and deployed in QC and development labs, can therefore be useful for 

determining the level of empty and/or full capsids. 

Anion exchange chromatography (AEX) has been used for determining the level of empty 

capsids in several serotypes by exploring the minor difference in isoelectric point (pI) 

between empty and full capsids. Lock et al. resolved density gradient purified AAV8 empty 

capsids from full capsids using a fast flow liquid chromatography instrument equipped 

with a CIM-QA monolithic disk21. Fu et al. separated empty capsids of a nondisclosed 

serotype and affinity purified AAV over a CIMac AAV full/empty-0.1 analytical column22. 

Wang et al. optimized the separation of empty capsids of an AAV6.2 sample over the 

CIMac AAV full/empty-0.1 analytical column and employed an empirical response 

conversion factor to quantitate empty capsids based on the fluorescence signal23. 

Although these successes highlight the utility of AEX methods for quantitation of empty 
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capsids of serotype specific AAVs, they also clearly show that the separation conditions for 

each serotype need to be carefully optimized.  

Here we report an alternative chromatographic method, not based on separation of empty 

and full capsids, but based on monitoring the size exclusion eluate using dual-wavelength 

detection to determine the percent full capsids. The method development and evaluation 

were performed using a representative AAV5 sample purified by a combination of an AVB 

Sepharose affinity column and a strong anion exchange column to minimize the presence 

of empty capsids. As a result, this AAV5 sample contains full capsids in addition to small 

amounts of empty and partial capsids which co-eluted from the strong anion exchange 

process column. Spiked samples containing various levels of empty capsids were prepared 

and evaluated using the newly developed method. The results were subsequently 

compared to the results obtained from AUC-SV and Cryo-EM studies performed on the 

same samples.   

Materials and Methods 

Preparation of empty capsids, full capsids, and spiked samples 

The empty capsids were purified using a strong anion exchange HQ column. The full 

capsids were isolated by AVB Sepharose affinity column and HQ anion exchange column, 

and further purified by cesium chloride density gradient centrifugation to remove any 

remaining empty and partial capsids and achieve a high purity.  

Approximately 20 mL of purified AAV5 virus (~5×1013–1×1014 total vector genomes, 

transgene size 4.36 kb) was diluted to 30 mL with 20 mM NaH2PO4, 400 mM NaCl, 4 mM 

MgCl2, pH 7.5, to which about 17.8 g of cesium chloride (CsCl2) was added to bring the final 

density to 1.35 g/mL. The solution was centrifuged in a Beckman centrifuge equipped with 

a 70ti rotor at 50,000 rpm overnight at 15C. Two bands were visible with a dual high 

intensity fiber light lamp. The upper band and lower band were collected via syringes as 

the empty and full capsids, respectively. The samples were dialyzed against 1X PBS using 

10K MWCO slide-a-lyzers (Thermo Scientific, MA) and then against a buffer consisting of 

sodium acetate, sodium citrate, sodium chloride, potassium chloride, calcium chloride, 

magnesium chloride with an osmolality of 200-400 mOsm/kg and a pH of 7.0.  
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The empty and full capsids were characterized by AUC and droplet digital PCR (ddPCR) and 

qPCR (Bio-Rad, Hercules, CA) to determine the capsid distribution and vector genome 

concentration. The concentration of the empty capsid preparation was determined by AAV 

titration ELISA (Progen, Biotechnik) or A280. The results are summarized in Table 1.  

A series of HPLC standards and spiked samples containing various amounts of full capsid 

were prepared by mixing the empty and full capsids at defined ratios based on their capsid 

concentrations (cp/mL). These materials were used to develop the SEC-DW method for 

empty and full capsids. In addition, for comparison purposes, the samples were evaluated 

using orthogonal methods such as UV measurements, AUC characterization, and Cryo-EM 

analyses.  

Extinction coefficients and UV measurements 

The extinction coefficient of empty capsids at 280 nm (280, capsid) was calculated based on 

the absorptivity of the aromatic amino acids present in the primary sequences of VP1, VP2 

and VP3, using a ratio of VP1:VP2:VP3 of 5:5:50 per capsid. The extinction coefficient of 

empty capsids at 260 nm (260, capsid) was obtained by converting the 280, capsid using a 

previously published conversion factor of 0.5916. The molecular weight (MW) of empty 

capsids was calculated based on the sequence information and the aforementioned 

protein ratio. The extinction coefficient of the transgene at 260 nm (260, gene) and its MW 

were calculated based on the gene sequence, and the extinction coefficient at 280 nm 

(280, gene) was then derived with a conversion factor of 0.55516. The extinction coefficients 

at 260 nm and 280 nm of full capsids were the sum of the extinction coefficients of capsid 

and transgene at each wavelength (e.g., 260, full capsid = 260, capsid + 260, gene). The extinction 

coefficients of empty and full capsids are summarized in Table 2. The predicted A260/A280 

ratio of the different samples used in the study was calculated based on the relative 

amounts of empty and full capsids present in the samples. 

UV absorbance of empty, full and spiked samples was measured using a nanodrop 

spectrometer (Thermo Fisher, MA). A260/A280 data was plotted against the expected 

percent full capsids and compared with the predicted A260/A280 data (see Figure S1).  
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SEC-DW 

AAV capsids (generally 25 µL or 50 µL per injection) were loaded onto a size exclusion 

column (Sepax SRT SEC-500, 5 µm, 500Å, 7.8300 mm, Delaware) equipped with a guard 

column (SRT SEC-500, 5 µm, 500Å, 7.850 mm) equilibrated at 25C with Dulbecco's 

phosphate buffered saline without CaCl2 and MgCl2 (DPBS). In addition to the SEC-500 

column, two additional columns (Sepax SRT SEC-300, 5 µm, 300Å, 7.8300 mm equipped 

with a guard column SRT SEC-300, 5 µm, 300Å, 7.850 mm and Sepax SRT SEC-1000, 5 µm, 

1000Å, 7.8300 mm) equipped with a guard column SRT SEC-1000, 5 µm, 1000Å, 7.850 

mm) were evaluated for comparison. All columns were run under the same conditions.  

The temperature of the autosampler was set at 5C. The capsids were eluted with DPBS, 

pH 7.0 at a flow rate of 0.75 mL/min using an Agilent 1200 series HPLC (Agilent, CA). The 

eluate was monitored at 260 nm, 280 nm and 230 nm, and data was acquired with the 

Agilent OpenLab software.  

The peak areas of monomeric AAV at 230 nm, 260 nm and 280 nm were used for 

calculating the peak area (PA) ratios (e.g., PA260/PA230 and PA260/PA280). The 

correlation of the peak area ratios with the percent full capsids was established using the 

HPLC standards and the spiked samples containing various amounts of full capsids. 

AUC-SV 

Empty capsids, spiked samples, and full capsids were buffer exchanged into 1X PBS, pH 7.2 

(Invitrogen) using 10K MWCO Slide-a-Lyzers or Amicon 10K MWCO centrifugal filters 

(Millipore Sigma, MO). The absorbance at 260 nm (A260) of these samples was measured 

using a nanodrop spectrometer (Thermo Scientific, MA), to ensure the samples were 

sufficiently concentrated for the sedimentation experiments (0.2 ≤ A260 ≤ 0.6). 

Sedimentation velocity experiment: The AUC sample (~400 µL) was loaded into the 

sample sector of a two sector 1.2 cm Charcoal-filled Epon centerpiece (Beckman Coulter) 

and PBS (~410 µL) was loaded into the reference sector. The cells were inserted in a four-

hole rotor and equilibrated at full vacuum and 20C for at least one hour in the centrifuge 
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(Optima XL-I, Beckman Coulter). The vectors were sedimented at 20,000 rpm and the 

absorbance of the vectors was scanned at 260 nm in a continuous mode. 

Data analysis: The absorbance data was loaded into SEDFIT and fitted with a continuous 

c(s) distribution model. The meniscus was floated, and the friction ratio was fixed at 1.0 

while fitting the data to the Lamm equation, with time-invariant (TI) and radius-invariant 

(RI) noise correction. The second-derivative regularization was applied to the fitting with a 

confidence level of 0.68. A range of 1200 for sedimentation coefficients was used with a 

resolution of 200. The published density and viscosity values of PBS were used. The 

relative abundance of each species in unit of detection was converted to relative 

abundance in molar concentration by correcting the absorbance according to Beer’s Law. 

The content of each species was reported as a percent of the total. The details on data 

analysis have been described in the reference18.  

Cryo-EM 

Grid preparation: C-flat holey carbon grids were cleaned with 20 mA for 30 seconds in a 

Pelco EasiGlow plasma cleaner. Vitrified specimens were prepared by loading a grid into a 

manual plunger (EMS-002 Rapid Immersion Freezer), adding 4 µL of virus to the grid, 

immediately one-side blotting the grid for 2 seconds, and freezing the sample in liquid 

ethane.   

Imaging: Electron microscopy was performed by the Core Facility of UMass Medical School 

using a Titan Krios electron microscope operated with an accelerating voltage at 300 kV 

and equipped with a K3 direct electron detector. Data was collected using SerialEM at 

105,000× nominal magnification (pixel size of 0.83Å) at 2.5 μm defocus and a dose of ~48.0 

e−/Å2. 

Data analysis: An in-house data analysis software program developed at the Cryo-EM Core 

Facility of UMass Medical School was used to recognize and count the empty and full 

capsids. For quantitation of the percent full capsids, many images were processed and a 

total of approximately 2,2008,700 vectors were analyzed and counted as empty and full 

capsids for each spiked sample. The content of full capsids from all the images analyzed for 

each sample was reported as a percent of the total capsids. 
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Results 

Initial column screening 

The selection of a suitable column to perform SEC analysis of AAV capsids is primarily 

dictated by the molecular properties of the capsids and the column chemistry. The 

molecular weight of AAV capsids is 3.56.0 megadaltons and the capsids have a diameter 

of 2025 nm. Therefore, SEC resins with a pore size from 300 to 1,000 Å (30 to 100 nm) 

would be suitable for separating monomeric AAVs from aggregated species as well as from 

low molecular weight species and small molecules that are expected to be present in a 

sample. To avoid any possible sieving effect, an analytical column with a large inner 

diameter packed with a stationary phase consisting of a relatively large particle size would 

be preferred. Indeed, several vendors including Waters, Sepax and Wyatt manufacture 

columns that may be suitable for this purpose. Sepax SRT SEC columns are packed with 

spherical high purity silica coated with nanometer thick hydrophilic and neutral films and 

these materials have shown promise for separation of virus and virus-like particles. Three 

columns with preferred column dimensions (3007.8 mm) and particle size (5 µm), but 

different pore sizes (300, 500 and 1,000 Å) were evaluated for their performance to 

analyze AAV5 containing samples using phosphate buffered saline (PBS) as the mobile 

phase. The chromatograms of AAV5 samples are shown in Figure 1. The monomeric 

vectors eluted from the column with the retention time increasing in the order of 

increased pore size, manifesting the diffusion characteristics of the solute inside and 

outside of different micropores (Figure 1A). The monomer peak observed in the elution 

profile obtained for the SEC-300 column is sharp but slightly skewed, and the trace amount 

of aggregates, which is expected to elute prior to the monomer peak, was not observed. 

The elution profile obtained for the SEC-1000 column (Figure 1A) shows the monomer 

eluting too close to the peak representing low molecular weight species (buffer peaks). 

The SRT SEC-500 column with a 500 Å pore size was therefore selected for further 

development as the retention time, peak shape and resolution are satisfactory. As shown 

in Figure 1B, the peak area representing the monomer is higher when the signal is 

monitored at 260 nm compared to 280 nm resulting in a peak area ratio (PA260/PA280) of 

approximately 1.25 which is indicative of a sample containing mostly full capsids. The 
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minor peaks eluting at approximately 5.8 mins and 8.6 mins are AAV aggregates (0.5% for 

HMWS 1 and 1.7% for HMWS 2), indicating that the method is capable of detecting low 

level aggregates, which can create undesired consequences on transduction efficiency, 

biodistribution, and immunogenicity. When different volumes (1075 µL of 5×1012 cp/mL) 

of the DS sample were injected, excellent linearity was observed (R2 = 0.997) for the peak 

areas at 260 nm and 280 nm in relation to the number of capsids injected (Figure 1C), and 

the PA260/PA280 ratio remained unchanged over the range tested, suggesting that the 

titer of the sample could be determined.  

SEC with dual-wavelength detection for the AAV spiked samples 

The various capsid standards and samples were initially monitored at 260 nm and 280 nm 

as shown in Figure 1A, where encapsidated nucleic acids and capsid proteins have their 

absorbance maxima, respectively24. The SEC chromatograms of the HPLC standard samples 

in Figure 2A and B show that the monomers are well-resolved from the small aggregate 

peaks. The PA260/PA280 ratios obtained for the standard samples are plotted against the 

expected value for the percent full capsids calculated based on the ratio of the empty and 

full capsid stock solutions combined to prepare the samples (Figure 2D). As shown in 

Figure 2D, the PA260/PA280 ratio approaches an asymptote when the full capsids account 

for more than 70% of total capsids. As a result, the method has limited capability to 

determine the percent full capsids with appropriate accuracy and precision when the full 

capsid content is greater than 70%. A similar limitation was previously observed when 

using UV spectroscopy to monitor the A260/A280 ratios16. The A260/A280 ratios of the spiked 

samples are shown in supporting information Figure S1. As gene therapy candidates often 

have more than 70% full capsids in the drug substance and drug product, owing to the 

continuous improvements of the upstream and downstream processes, a method capable 

of accurately monitoring percent full capsids greater than 90% is required.  

To extend the range of the method the use of other wavelengths was evaluated. It was 

hypothesized that the absorbance of capsid proteins would be much more intense and 

become dominant at the 230 nm wavelength, while the contributory absorbance of 

transgenes would be limited (e.g., absorbance of nucleic acids has a trough at 230 nm, and 

the A260/A230 ratio for pure nucleic acids is typically in the range of 1.82.225). Figure 2C 
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shows the SEC traces of the standards at 230 nm. As hypothesized, the peak area 

monitored at 260 nm and 230 nm is proportional to the column loading and the 

PA260/PA230 ratio remains constant over the range tested, confirming that the intrinsic 

PA260/PA230 ratio is independent of the capsid concentration (see supporting 

information Figure S2). By using this new dual wavelength for detection and calculation of 

the peak area ratios, a linear relationship between PA260/PA230 and percent full capsids 

was established (y = 0.0057x + 0.1137). The goodness of fit was excellent, judged by the R2 

of 0.999 (Figure 2D). The ability to use a linear curve fit when using the PA260/PA230 ratio 

versus the percent full capsid is critical as such a change allows the extension of the assay 

range beyond 70% full capsids. The full capsid sample used in this study contains 91% full 

and 9% partial capsids, and therefore it was not possible to evaluate the capability of the 

method above this level. The assay range may potentially be extended to near 100% full 

capsids, given the linear relationship observed. Due to the nature of SEC chromatography 

this analysis can be performed using only a small volume (e.g., 1050 µL) at capsid 

concentrations of ~5×1012 cp/mL. In addition, the method also normalizes the pH and ionic 

strength of the sample to match the pH and ionic strength of the mobile phase, and 

therefore minimizes their impact on the absorbance of transgenes26.  

Specificity, reproducibility, and robustness of SEC-DW 

The SEC-DW method separates the AAV capsids from the excipients and/or buffer 

components (Figure 2), thus the components in the formulation buffer are not expected to 

have any impact on the PA260/PA230 ratio. The Bio-Rad’s gel filtration standard 

containing thyroglobulin, -globulin, ovalbumin, myoglobin, and vitamin B12 was used to 

estimate what size of proteins may interfere with the analysis. Bovine thyroglobulin eluted 

at a retention time window of 813 mins, indicating that only proteins of this size (MW 

670,000 Da) and higher would potentially interfere with the quantitation of empty and full 

capsids (data not shown). This type of protein impurities is not expected to be present at a 

significant level in the samples post affinity and/or strong anion exchange column 

purification. The injections of the mobile phase blank after 14 injections of AAV samples 

showed no detectable peaks by both wavelengths near the retention time of monomeric 

AAV5, indicating no carryover from the previous injections. The SEC-DW method was used 
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to determine the percent full capsids in the drug substance (DS) and working reference 

standard (WRS) generated as part of an AAV5 development program. Samples were 

compared against a standard curve generated using HPLC standards containing different 

ratios of the empty and full capsids (Figure 2D). The analysis was then performed over 

multiple assay occasions (different mobile phase lots) on different days. The PA260/PA230 

values were 0.55 (n = 8), 0.57 (n = 4), and 0.11 (n = 6) for the DS, WRS and empty capsid 

samples. The results indicated that the DS and the WRS samples contained approximately 

76% and 83% full capsids, respectively (Figure 2E), similar to the results obtained by AUC-

SV. The percent full capsids for the empty capsid sample was 0% (the actual value 

calculated based on the linear equation established was -1.1%). The %RSD values of the 

PA260/PA230 ratios and % full capsids for the DS sample (n = 8) and the WRS sample (n = 

4) are less than 1%, demonstrating that the results are highly reproducible over different 

assays, different mobile phase lots and different days.  

The spiked samples prepared separately using the empty and full capsids stocks led to a 

similar linear equation (y = 0.0057x + 0.1195) between the PA260/PA230 ratios and the 

percent full capsids and a R2 value of 0.999. The same slope and similar intercept again 

manifest the consistency of the SEC-DW method. Both constants a and b for the linear 

equation (y = ax + b) are indeed related to the intrinsic optical properties of the vector. 

To gain understanding of the effect of changes in method parameters, the pH and flow 

rate of the mobile phase were deliberately varied during the development (three pH 

values at 6.6, 7.0, and 7.5, and three flow rates at 0.70, 0.75, and 0.80 mL/min). The 

PA260/PA230 values of the same DS sample were 0.55 under all three pH conditions and 

were 0.54 at the three flow rates. The percent full capsids were in the range of 

74.876.4%, again using the linear equation established. These results demonstrate that 

the SEC-DW method is robust within the variations tested.  

Percent full capsids by AUC-SV 

To further examine the suitability of the SEC-DW method for empty and full capsids, the 

spiked samples were dialyzed and then analyzed by AUC-SV using the method previously 

developed by O’Riordan and coworkers18. The sedimentation of vectors was monitored at 
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260 nm along the centrifugal field in a continuous mode, and the acquired data were fitted 

to the Lamm equation using the computer program SEDFIT27. The representative 

sedimentation coefficient distribution c(s) plots for four samples (empty, two spiked 

samples and full capsids) are shown in Figure 3.  

Different species including empty, partial and full capsids, as well as high molecular weight 

species were detected and can be identified based on their sedimentation coefficients 

(approximately 6466S for empty capsids, 8090S for partial capsids, and 101107S for 

full capsids with a transgene of ~4,360 nucleotides). Integration of each peak resulted in 

the relative percentage of each species in unit of detection, which was converted to the 

molar concentration of each species according to Beer’s Law due to the considerable 

differences in the extinction coefficients at 260 nm of the individual species18.  

Figure 3A shows the sedimentation coefficient distribution plot for the subpopulations of 

the empty capsid sample (98% empty capsids (65S) and 2% partial capsids (81S)). The 

results for the full capsid sample purified via cesium chloride density gradient 

centrifugation are shown in Figure 3D and indicate that the sample contains 91% full 

capsids (104S) and 9% partial capsids (88S). The partial capsids with a sedimentation 

coefficient of 88S represent capsids harboring fragmented genomes of approximately 

2,700 nucleotides28. On a separate AUC-SV analysis, the subpopulations of the empty 

capsid sample are 99% empty (65S) and 1% partial capsids (83S), the subpopulations of the 

full capsid sample are 8% partial (86S) and 92% full capsids (101S), demonstrating the 

consistency between the AUC-SV runs. Figure 3B and Figure 3C represent samples which 

were prepared by mixing the full and empty capsid containing samples. The % full capsid 

for these samples was calculated as 55% and 82% full capsids, respectively, based on the 

assigned values for the full and empty capsid samples and the combined volumes. The full 

capsid contents are 52% and 88% by AUC-SV for these two samples. The results from the 

SEC-DW method (approximately 58% and 81% for these two samples) are in very good 

agreement with the AUC-SV results. A small fraction of partial capsids is present for all 

samples, particularly in the full capsid sample despite the stringent purification efforts. The 

presence of partial capsids manifests the challenge of producing drug substance that 

mainly consists of full capsids. The partial capsids cannot be discerned by AEX, SEC and 
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TEM methods, but are well distinguished by AUC-SV, showcasing the high hydrodynamic 

resolving power of AUC-SV. In addition, the samples recovered from AUC-SV experiments 

were re-analyzed by SEC-DW directly with a 25 µL injection. Similar chromatographic 

profiles and percent full capsid results were obtained (data not shown), confirming that all 

the capsids remained intact post AUC-SV experiments.  

Percent full capsids by Cryo-EM 

Cryo-electron microscopy is an electron microscopy technique that can measure empty 

and full capsids in their frozen hydrated state29. Vitrified capsids were prepared by freezing 

them in liquid ethane, and electron microscopy images were collected using a Titan Krios. 

One of the Cryo-EM images taken for the spiked sample containing approximately 55% full 

capsids is shown in Figure 4A, in which the representative full capsid (displaying significant 

internal density) and empty capsid (absence of internal density) are circled and both the 

empty and full capsids are similar in size (approximately 24 nm).  

Figure 4B is selected from the images for the full capsid sample, and almost no empty 

capsids can be identified. For each spiked sample, at least 2,200 particles from multiple 

images were counted using in-house data analysis software (Cryo-EM core facility of 

UMASS Medical School). The results from all images analyzed were combined to calculate 

the percentage of full capsids and ensure statistical significance. Partial capsids were 

treated as full capsids by Cryo-EM analyses in this study, although they can be identified by 

Cryo-EM via 3D classification29. The percentages of full capsids for the empty, spiked 

samples and full capsid sample are 3, 24, 37, 54, 81, 88 and 97%. The number of images 

analyzed, the total number of full capsids, the total number of empty capsids, the number 

of particles counted with low confidence (artifact, background signal. etc.), and the 

percent full capsids in the samples by Cryo-EM are summarized in Table 3. The SEC-DW 

results are similar to the percent full capsids measured by Cryo-EM, and thus provides a 

viable option for GMP testing.  

Comparison of percent full capsids determined by SEC-DW, AUC-SV and Cryo-EM 

To scientifically validate the SEC-DW method, we compared the percent full capsids 

determined by SEC-DW with the results from two state-of-the-art high-resolution 
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methods: AUC-SV and Cryo-EM which can accurately measure the percent full capsids. 

These three methods all characterize the AAV samples in their native state: in solution 

passing through the column for SEC-DW, free in solution in a centrifugal field for AUC-SV, 

and in frozen hydrated state after flash-freezing for Cryo-EM. The percent full capsids of 

the spiked samples determined by SEC-DW, AUC-SV and Cryo-EM are illustrated in Figure 

5. The results from all three methods demonstrate excellent linearity between the 

observed and expected percent full capsids (Figure 5A), judged by the R2 values from the 

linear regressions (0.997, 0.993, and 0.993 for SEC-DW, AUC-SV and Cryo-EM). The slopes 

of the linear regressions are 0.989, 1.062, and 1.038 for SEC-DW, AUC-SV and Cryo-EM, 

indicating that the SEC-DW method does not have any significant bias when compared to 

the AUC-SV and Cryo-EM methods. Partial capsids are treated as full capsids by Cryo-EM in 

this study, thus, the reported full capsids for each sample are slightly higher than those 

values from AUC-SV (Figure 5B). Overall, the percent full capsids by SEC-DW based on 

PA260/PA230 agree very well with the results from AUC-SV and Cryo-EM (Figure 5B) across 

the whole range tested (091% full capsids, or 098% empty capsids), demonstrating the 

SEC-DW method is accurate and reliable.  

Discussion 

The SEC-DW method developed in this study for determining the relative amounts of 

empty and full capsid uses common HPLC equipment that is readily available in 

development and QC labs, directly quantifies the percent full capsids in a sample, requires 

small sample amounts (1075 µL of 51012 cp/mL sample per injection), provides the 

highest throughput among the three methods, and can be qualified/validated for cGMP 

use. The SEC-DW method does not need additional sample preparations such as 

denaturation and labeling, and the impact of matrices are effectively eliminated during the 

size exclusion elution. The matrix effect becomes significant particularly when the 

detection wavelength is shifted from 280 nm to 230 nm for capsid proteins. The presence 

of partial capsids is inevitable from the current manufacturing processes. The gene 

sequences packaged in the partial capsids do contribute to the absorbance at 260 nm and 

230 nm, and therefore introduce some variations to the reportable results. Some of these 

variations are built in the linear equation initially established and therefore the impact of 
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partial capsids on the quantitation of the percent full capsids is limited. Nevertheless, SEC-

DW, similar to other chromatographic methods, cannot distinguish partial capsids, and 

they may have to be characterized by other complementary methods for the encapsidated 

DNA and the potential expression of these genes, if required. Another concern is the 

impact of the light scattering on the absorbance of vectors. The light scattered by a 

spherical solute is inversely proportional to 4, according to Rayleigh approximation. The 

light scattering can be corrected for absorbance at 230 nm and 260 nm using the 

wavelength dependent extrapolation. The absorbance spectra of empty and full capsids at 

220400 nm were extracted from the data acquired by the photodiode array (PDA) 

detector and no significant light scattering was observed based on the minimal to 

neglectable absorbance at 320360 nm (see Supporting information Figure S3 and Figure 

S4). We established this SEC-DW method using AAV5 DS samples (see Supporting 

information Figure S4 for results of an AAV5 drug candidate 2), but it should be applicable 

for testing in-process samples as long as there is no interference from any other 

macromolecules that may elute as monomeric AAVs. If necessary, the in-process samples 

can be readily concentrated with a centrifugal concentrator to ensure a proper capsid 

concentration. This SEC-DW method may potentially be applied to other AAV serotypes 

once the linear relationship of PA260/PA230 vs. percent full capsids is established. The 

protein detection wavelength of 230 nm can be adjusted if necessary, in the search of such 

a linear relationship. AUC-SV appears to be most suitable for characterization of all 

subpopulations of capsids including partial capsids owing to its high hydrodynamic 

resolution. Indeed, O’Riordan et al. revealed that the size of genomes (2.1– 4.3 kb) 

packaged in the vectors correlated well with sedimentation coefficients of the vectors18. 

This capability renders AUC-SV a powerful investigational and characterization tool for 

understanding the packaging difference during the upstream process development. 

However, the instrument and data analysis requirements, the low throughput, and the 

sample volume requirements make the implementation of this method difficult for routine 

testing especially when large number of samples need to be analyzed. Cryo-EM quantifies 

percent full capsids with high accuracy when a sufficient number of viral particles are 

evaluated30. The damage of capsids due to hydration or false staining that could occur in 

TEM do not happen in Cryo-EM31. Cryo-EM requires less than 10 µL of 51012 cp/mL 
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sample and data analysis has been mostly automated. Similar to AUC-SV, Cryo-EM is a low 

throughput method requiring specially trained analysts creating a significant impediment 

to its implementation in a QC environment and/or a development lab. Considering the 

sample and instrument requirements, the SEC-DW method can prove useful for 

determining empty and full capsid contents on a readily accessible instrument platform in 

a high throughput manner. 

Conclusion 

Size exclusion chromatography with dual wavelength detection at 260 nm and 230 nm is a 

direct, reproducible, and accurate approach to determine the relative proportion of empty 

and full capsids in rAAV samples. The use of a detection wavelength of 230 nm for capsid 

proteins, instead of 280 nm, to normalize the transgene signal at 260 nm results in a linear 

relationship between PA260/PA230 and the percent full capsids. This non-conventional 

dual wavelength detection significantly increases the range of the assay and enables 

accurate quantitation for rAAV samples which typically contain low levels of empty 

capsids. Our results have shown that the range can be increased up to 91% full capsids (or 

full capsids equivalent), and probably higher if an appropriate composition could be 

tested. The accuracy of this SEC-DW method was confirmed based on a comparison to the 

results obtained using the orthogonal high-resolution methods AUC-SV and Cryo-EM. The 

method would be applicable to multiple serotypes, for which a linear relationship between 

PA260/PA230 and percent full capsids can be established. Since the method relies on 

standard HPLC analysis conditions and equipment, the method can be readily 

implemented as a QC release method after qualification, or as a rapid monitoring tool to 

support process development and product understanding.  

Supplemental information 

Supplemental information can be found with this article online. 
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Table 1 Capsid concentration, vector genome concentration and subpopulation 

distribution of empty and full capsids 

Samples 

Capsids 

conc. 

(cp/mL) 

Vector genome 

conc. (vg/mL) 

Empty 

capsids (%) 

Partial 

capsids (%) 

Full 

capsids 

(%) 

Empty capsids 1.211013 2.501011 98 2 0 

Full capsids 4.951012 4.501012 0 9 91 
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Table 2 Theoretical extinction coefficients of empty capsids and full capsids 

280, empty capsid (M
-

1
cm-1) 

260, empty capsid (M
-

1
cm-1) 

280, full capsid (M
-1
cm-

1) 

260, full capsid (M
-1
cm-

1) 

6,768,550.0 3,993,444.5 21,731,437.4 30,953,601.9 
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Table 3 Percent full capsids determined by Cryo-EM for the spiked samples 

Samples 
Number of 

full capsids 

Number of 

empty 

capsids 

Particles 

with low 

confidence 

Number of 

images 

Total 

number of 

full and 

empty 

capsids 

Full capsids 

(%) 

Empty 85 3287 247 48 3372 2.5 

Spiked 1 1322 4210 447 114 5532 23.9 

Spiked 2 1482 2563 466 99 4045 36.6 

Spiked 3 2487 2120 258 45 4607 54.0 

Spiked 4 1805 426 533 104 2231 80.9 

Spiked 5 2633 345 220 64 2978 88.4 

Full 8447 260 317 95 8707 97.0 
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FIGURE LEGENDS 

 

Figure 1 A) SEC chromatograms of an AAV5 DS sample. The DS sample was diluted with 

Dulbecco's phosphate buffered saline (DPBS) to approximately 5.01012 cp/mL and 25 µL 

of HPLC sample was applied onto the column. The elution was monitored with a 

photodiode array (PDA) detector. SEC-300 column (gray trace), SEC-500 column (black 

trace at 260 nm, dotted black trace at 280 nm), and SEC-1000 column (dashed gray trace). 

For SEC-300 and SEC-1000, only traces at 260 nm were shown for clarity. B) Chromatogram 

of a different lot of DS sample showing aggregated AAVs and monomer at 260 nm resolved 

by the SEC-500 column. The inset shows the high molecular weight species 1 (HMWS 1, 

0.5% by peak area) and high molecular weight species 2 (HMWS 2, 1.7%). C) The peak 

areas detected at 260 nm and 280 nm show a linear relationship with the number of 

capsids injected. PA260/PA280 remains constant across the range tested (5.01010 to 

3.51011 capsids, 1075 µL injection of 5.01012 cp/mL). 
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Figure 2 A) Chromatograms of a series of AAV5 HPLC standards containing various 

percentages of full capsids at 260 nm. From front to back, the empty capsids, spiked 

samples with increased amount of full capsids from approximately 20% to 80%, and full 

capsids (91% full and 9% partial). B) Chromatograms of the empty, spiked samples and full 

capsids at 280 nm. C) Chromatograms of the empty, spiked samples, and full capsids at 

230 nm. Chromatograms of one of the standard samples were not shown as the loading 

led to different absorbance intensities. D) The peak area ratios at 260 nm and 280 nm 

(PA260/PA280) and the peak area ratios at 260 nm and 230 nm (PA260/PA230) by SEC for 

the AAV5 samples. The curve fitting function changed from quadratic (for PA260/PA280, y-

axis on the left) to linear regression (for PA260/PA230, y-axis on the right), which 

effectively extended the assay range. E) The PA260/PA230 ratio of the AAV5 drug 

substance (n = 8), working reference standard (WRS, n = 4), and empty capsids (n = 6) 

samples obtained from multiple assay occasions performed on different days. The percent 

full capsids in the DS (n = 8) and WRS (n = 4) samples were calculated based on the linear 

relationship established between the PA260/PA230 and the percent full capsids (y = 

0.0057x + 0.1137). The %RSD values are 0.58%, 0.54% and 5.30% for the PA260/PA230 

values of the DS, WRS and empty capsids samples. The %RSD values are 0.73% and 0.67% 

for the percent full capsids of the DS and WRS samples, respectively. These results 

demonstrate the excellent intermediate precision of the method.  
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Figure 3 Representative AUC-SV data are shown as sedimentation coefficient distribution 

plots of empty capsids (A), spiked sample 3 (B), spiked sample 5 (C), and full capsids (D). 

The sedimentation of AAV particles was monitored at 260 nm. The raw data were fitted 

with the Lamm equation using the c(s) model in SEDFIT. The x axis represents the 

sedimentation coefficient in Svedberg units (S), and the y axis represents the 

concentration as a function of the sedimentation coefficient. Two abundant and distinct 

populations of virions were observed: full capsids with a sedimentation coefficient of 

approximately 101107S, and empty capsids with a sedimentation coefficient of 6466S. 

Partial capsids with a sedimentation coefficient of 8194S were present in all the samples, 

at a much lower level compared to the empty and full capsids. In addition, a trace amount 

of high molecular weight species was evident. These high molecular weight species were 

not included in the quantitation of the overall empty, partial and full capsids. 
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Figure 4 Representative Cryo-EM images of two spiked samples. A) Image of the spiked 

sample 3 containing 54% full capsids by Cryo-EM; B) Image of the full capsid sample 

containing 97% full capsids by Cryo-EM. An empty capsid and a full capsid are indicated in 

Image A. Cross sections of empty capsids can be distinguished by their well-defined border 

due to their lower internal density. Cross sections of full capsids have a more homogenous 

appearance due to their significant internal density. 
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Figure 5 A) The percent full capsids in the spiked samples obtained from SEC-DW, AUC-SV, 

and Cryo-EM. The results were plotted against the expected percent full capsids and fitted 

with linear regressions. The R2 values are 0.997, 0.993 and 0.993 for SEC-DW, AUC-SV, and 

Cryo-EM, indicating excellent linearity for all three methods. The slope values are 0.9892 

for SEC-DW, 1.0623 for AUC-SV, and 1.0378 for Cryo-EM, demonstrating no significant bias 

for all three methods. B) The results from SEC-DW, AUC-SV, and Cryo-EM are presented as 

a bar graph to visualize the direct comparison. The SEC-DW results are in very good 

agreement with those from AUC-SV and Cryo-EM across the entire range (091% full 

capsids, or 098% empty), demonstrating that the SEC-DW results are reliable and 

accurate. Due to the presence of partial capsids in the samples used, the upper limit of the 

current SEC-DW method is approximately 91% full capsids, or 0% empty capsids. 
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