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INTRODUCTION
Recombinant adeno-associated virus (rAAV) vectors have emerged 
as one of the most versatile and successful gene therapy delivery 
vehicles. A number of recent clinical trials had impressive clinical 
outcomes1–6 and patients diagnosed with lipoprotein lipase defi-
ciency will now have an option to be treated with Glybera, the first 
rAAV-based drug to win the regulatory approval of the European 
Medicines Agency. However, even though the industry is poised for 
the expansion into several application areas represented by orphan 
diseases, a simple and scalable rAAV production technology is still 
lacking.

The ever growing rAAV vector toolbox, in addition to many 
natural AAV serotypes, now includes numerous AAV capsid 
mutants derived from combinatorial libraries or through rational 
 engineering.5,7 To purify all these divergent AAV variants, buoyant 
density gradients such as CsCl, or iso-osmotic medium iodixanol 
discontinuous gradients8 are routinely used. Although quite useful 
in a laboratory setting, these procedures are neither scalable nor 
easily adapted for Good Manufacturing Practice (GMP) protocols. 
In this regard, the more promising approach incorporates chro-
matography steps, either affinity, hydrophobic, or ion-exchange, 
depending on the biochemical properties of a particular serotype. 
For example, heparin affinity chromatography based on interaction 
with heparan sulfate proteoglycan has been successfully applied 
to rAAV2,8,9 while mucin affinity chromatography can be used for 

rAAV5 purification because it binds to sialic acid.10 Many successful 
examples of one- or two-step ion-exchange chromatography puri-
fication have been reported for rAAV serotypes 1, 2, 4, 5, and 8.11–15 
More recently, an affinity media incorporating an anti-AAV VHH 
ligand, a single-domain camelid antibody derivative, was utilized to 
purify serotypes 1, 2, 3, and 5.16 In spite of these documented suc-
cessful examples, some AAV serotypes, such as rAAV9, are refractory 
to conventional chromatography procedures and require signifi-
cant effort and exceptional laboratory skills for their purification.17

In this report, we describe an efficient and reproducible protocol 
based on a partial purification of the initial crude lysate by floccula-
tion of cell debris under low pH conditions, followed by one-step 
cation-exchange chromatography. The flocculation step eliminates 
the bulk of the contaminating protein and DNA allowing for quan-
titative AAV binding to, and subsequent elution from the resin. The 
method could be applied to several serotypes and for vectors puri-
fied from both mammalian and insect cell production systems.

RESULTS
Testing vector infectivity and stability over pH range
AAV9 was selected for the development of all the experimental 
steps since this is one of the most challenging AAV serotypes to 
purify. Its been observed previously that the unique N-terminus of 
the AAV capsid viral protein VP1 (VP1u) undergoes a reversible pH-
induced unfolding/refolding process, complemented by a loss/gain 
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We describe a new rapid, low cost, and scalable method for purification of various recombinant adeno-associated viruses (rAAVs) 
from the lysates of producer cells of either mammalian or insect origin. The method takes advantage of two general biochemi-
cal properties of all characterized AAV serotypes: (i) low isoelectric point of a capsid and (ii) relative biological stability of the viral 
 particle in the acidic environment. A simple and rapid clarification of cell lysate to remove the bulk of proteins and DNA is accom-
plished by utilizing inexpensive off-the-shelf reagents such as sodium citrate and citric acid. After the low-speed centrifugation 
step, the supernatant is subjected to cation exchange chromatography via sulfopropyl (SP) column. The eluted virus may then be 
further concentrated by either centrifugal spin devices or tangential flow filtration yielding material of high titer and Good Manu-
facturing Practice (GMP) grade biochemical purity. The protocol is validated for rAAV serotypes 2, 8, and 9. The described method 
makes rAAV vector technology readily available for the low budget research laboratories and could be easily adapted for a large 
scale GMP production format.
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of α-helical structure which does not disrupt the capsid integrity.18 
To test whether these pH-induced structural changes affect vector 
infectivity, we exposed rAAV9 vector to citrate and phosphate buf-
fers with pH ranging from pH2.5 to pH8 for periods of time of up 
to 3 weeks followed by an infectivity assay. A physiological solution, 
Lactated Ringer (pH6.42) was used as a positive control buffer. The 
in vitro infectivity of the rAAV-GFP was assayed before and after 
pH exposure for a specified period of time. As shown in Figure 1a, 

after a short 2-hour exposure, the infectivity of the virus does not 
change in any of the buffers over the whole pH range tested. After 
24-hour incubation, however, there was a tenfold reduction in infec-
tivity which was more pronounced at the range of pH5-6, followed 
by another log reduction after exposure for 3 weeks. Surprisingly, 
however, the lower pH range was less deleterious thus providing 
experimental validation for the low pH-induced flocculation step. 
Obviously, other components of the buffer provide structural stabil-
ity as well because Lactated Ringer appears to better sustain higher 
virus infectivity over 3 weeks, the period of time tested.

Independently, the impact of pH on the structural stability of 
rAAV9-GFP was tested by a dot-blot immunoassay. Iodixanol-
purified rAAV9-GFP, in citrate-phosphate buffer at pH 7.4, 6.0, 5.5, or 
4.0, was exposed to the range of temperatures 4–100 °C and blotted 
for antibodies to detect intact capsids (HL-2370), denatured capsids 
(B1), and VP1u externalization (A1) (data not shown). Based on the 
observations, the temperature range was narrowed to 70–80 °C to 
more accurately determine capsid stability and denaturation tem-
perature. Table 1 lists the last temperature at which intact capsids 
were detected (HL-2370) and the first temperature at which dena-
tured capsids were detected (B1 and A1). At neutral pH (pH 7.4) the 
capsid is intact at 75 °C but not 78 °C. Low pH (pH 4.0) induced a loss 
in capsid stability since particles were only intact to 73 °C. However, 
intermediate acidity (pH 5.5–6.0) increased the stability of the cap-
sid to 78 °C. Interestingly, there appears to be a reverse correlation 
between increased capsid stability in the pH 5.5–6.0 range and the 
reduced infectivity (Figure 1a) in the same pH range which may be 
due to slower uncoating of the capsid within a cell.

The structural stability of the rAAV9-GFP virus was further vali-
dated using electron microscopy (EM). As with the dot-blot assay, 
capsids in citrate-phosphate buffer at pH 7.4, 6.0, 5.5, or 4.0 were 
exposed to temperatures between 70–80 °C and visualized using 
negative-stain EM (Figure 1b). Intact capsids were detected up 
to 73 °C for pH 4.0, 75 °C for pH 7.4, and 78 °C for pH 5.5 and 6.0. 
However, above these respective temperatures the capsids were 
denatured and no longer visible. In addition, for capsids at pH 6.0, 
while stable at 77 °C, when heated to 78 °C there was a decrease 
in the number of intact particles visible and an increase in broken 
particles indicating the capsids are not stable and are denaturing 
at this point. These EM results agree with the dot-blot data and 

Figure 1  rAAV9 stability testing. (a) Infectious titer assay: iodixanol-
purified rAAV9-GFP was exposed to sodium citrate/phosphate buffers 
in the range of pH2.55–8.05, at room temperature for the time period of 
2 hours, 24 hours, or 3 weeks. After incubation, an aliquot was diluted in 
Lactate Ringer solution and used to infect C12 cells coinfected with Ad5 
(multiplicity of infection of 5). GFP (+) cells were visually scored at 48 hours 
after infection. (b) EM studies: viral capsid were visualized after treatment 
at different temperatures (rows) in buffers of different pHs (columns).
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Figure 2 Summary of rAAV9 purification. (a) SP column chromatography profile of rAAV9 purification. Solid line indicates OD280(mAU), dashed line – 
measured electric conductance (mS/cm). (b) Silver-stain SDS protein gel analysis of rAAV9 purification steps. Fractions are “Benzo”: crude lysate treated 
with benzonase; “SP load”: supernatant after flocculation/centrifugation step; “SP FT”: SP column flow through; “SP 50%B”: fraction containing rAAV9 
eluted from the column with the buffer mixture containing 50% buffer B (see the Materials and Methods section for details); “TFF”: tangential flow 
filtration fraction (final purified rAAV9 stock); “293 iodixanol”: positive control, rAAV9 purified by “conventional” iodixanol buoyant density gradient. 
(c) Western blotting analysis of the final purified rAAV9 fraction (TFF), side-by-side with positive control; left panel: adjusted gel load sample volumes; 
right panel: same sample volumes as in the b. Higher sample loads allow visualizing VP-derived, B1-immunoreactive peptides but result in “burnt out” 
effect in the X-ray film for some peptides (e.g., VP3).(d,e) Electron microscopy. Negative stain images of rAAV9 purified (d) using the sodium citrate 
method, or (e) using discontinuous step gradient of iodixanol.8 The inserts in the lower right hand corner are close-up images of the virus capsids. 
Filled arrowheads point at the DNA-containing particles; empty arrowheads: at the empty capsids; black asterisk indicates proteasome; white asterisk 
indicates deformed AAV particle. (f) Graphical representation of the rAAV9-GFP yields at all purification steps, as titered for the genome-containing 
particles (dot-blot assay, black bars, or PCR assay, gray bars); and infectious particles (green cell assay, GCA, white bars). The missing bars for some steps 
indicate the titers below 10E4, the Y-axis plotting scale. min, minute.
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together these observations demonstrate a very sharp transition 
temperature in capsid stability, which is otherwise very high for the 
rAAV9-GFP capsids.

SP column chromatography

AAV9. AAV9-based vectors exhibit distinctive properties such as 
delayed blood clearance, ability to cross blood–brain barrier, and 
targeting cardiac muscle with a higher tropism. This serotype, 
however, proved to be challenging to purify using standard 
chromatography procedures. Followed flocculation step, we tested 
whether AAV9 remaining in the supernatant was capable of binding 
to an ion-exchange resin (Figure 2a). AKTA FPLC (GE Health Care) 
system had been utilized. After the microfluidization step, the crude 
lysate contained 1,288 mg of protein, the amount of which was 
reduced down to 14.8 mg of total protein in the supernatant fraction 
applied to the column. Thus, low pH flocculation followed by low-
speed centrifugation disposes of 98.85% of total protein in the 
crude lysate making AAV9 remaining in the supernatant (Figure 2b, 
lane marked “SP load”) highly amenable to cation-exchange 
chromatography. AAV9 quantitatively binds to sulfopropyl (SP) resin 
(Figure 2b, lane “SP FT”), and is eluted with higher pH (measured 
pH4.6) and sodium ion concentration (0.25 mol/l NaCl) with very 
little contaminating proteins (Figure 2b, lane “SP 50% B”). These low 
molecular weight were effectively removed during the subsequent 
concentration/ultrafiltration step through 150 kDa cut-off tangential 
flow filtration (TFF) concentrator (Figure 2b, lane “TFF”). There is 
little difference between the SP-purified/TFF-concentrated fraction 
and the rAAV9 sample purified by the “standard” protocol using an 
iodixanol gradient (Figure 2b, lane “293 iodixanol”). The additional 
faint bands in the purified sample seen on the silver-stained gel 
are VP-derived peptides (Figure 2c, right panel). These peptides 
apparently are the products of capsid protein autocleavage;19 
therefore, there is no evidence that AAV vectors purified by the 
current protocol incorporate higher ratios of the cleaved peptides 
compared to the “standard” iodixanol method. EM examination of 
rAAV9 capsid purified by SP column chromatography (Figure 2d) 
reveals a higher degree of purity and integrity of the sample as 
compared to the one purified by iodixanol gradient (Figure 2e).

The total yield in the peak SP 50% B fraction constituted 84% of 
the SP load (by dot-blot assay), or 53% (by PCR assay), or 93% (by 
green cell assay or GCA) (Figure 2f ). Thus, in several simple steps, 
rAAV9-GFP was purified to a highest degree of purity while retain-
ing more than 90% yield in a TFF-concentrated final stock.

AAV2. AAV2 is one of the most utilized and studied serotypes 
providing structural platform for rationally designed vectors and 
combinatorial capsid libraries. Using similar to AAV9 conditions, 
we have attempted to purify AAV2-GFP produced in HEK 293 cells 
(Figure 3a). AAV2 capsid proteins appear to constitute one of the 
major protein components of the supernatant after the flocculation/
centrifugation steps since VP3 was readily identifiable on a silver 
stained gel (Figure 3b, lane “SP load”). However, a significant fraction 
of the virus was lost in the flow through (Figure 3b, lane “SP FT”). 
Consistent with weak binding at this pH conditions, the elution of 
AAV2 was initiated at lower Na+ (50–100 mmol/l). The total yield in 
the peak SP 20%B fraction constituted 5.2% of the SP load (by dot-
blot assay), or 6.2% (by PCR assay), or 11.2% (by GCA) (Figure 3d). 

Figure 3 Summary of rAAV2 purification. (a) SP column chromatography 
profile of rAAV2 purification. Solid line: OD280(mAU), dashed line: measured 
electric conductance (mS/cm). (b) Silver-stain SDS protein gel analysis 
of rAAV2 purification steps. Fractions are as following: “Benzo”: crude 
lysate treated with benzonase; “SP load”: supernatant after flocculation/
centrifugation step; “SP FT”: SP column flow through; “SP 10%B”: fraction 
containing rAAV2 eluted from the column with the buffer mixture 
containing 10% buffer B (see the Materials and Methods section for 
details); “SP 20%B”: 20% buffer B; “TFF”: tangential flow filtration fraction 
(final purified rAAV2 stock); “293 iodixanol”: positive control, rAAV2 purified 
by “conventional” iodixanol buoyant density gradient. (c) Western blotting 
analysis of the final purified rAAV2 fraction (TFF), side-by-side with positive 
control; left panel: adjusted gel load sample volumes; right panel: same 
sample volumes as in b. (d) Graphical representation of the rAAV2-GFP 
yields at all purification steps, as titered for the genome-containing 
particles (dot-blot assay, black bars, or PCR assay, gray bars); and infectious 
particles (green cell assay, GCA, white bars). min, minute.
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The eluted and concentrated vector, however, was remarkably 
pure (Figure 3b, lane “TFF”), with no detectable contaminating 
proteins identified at this sample load, with the exception of B1-
immunoreactive peptides, the product of capsid autocleavage 
(Figure 3c, lane “293 iodixanol”).

AAV8. AAV8 serotype-based vectors are among the most efficient 
vehicles for transducing target tissues in vivo, and they are 
widely utilized both in the laboratory setting and in clinical trials. 
Moreover, several laboratories have designed insect cell-based 
systems to scale up production of rAAV8 vectors.20,21 To investigate 
whether this method could be extended further to purify AAV8 
from mammalian, as well as from the insect cell milieu, we have 
conducted a side-by-side purification using identical conditions 
for rAAV8 packaged in HEK 293 cells versus Sf9 cells (Figure 4a,b). 
As expected, the respective crude lysates showed divergent 
protein patterns (Figure 4c, lanes “Benzo, 293 and Sf9”). Even after 

flocculation/centrifugation, the SP loads were very much distinct for 
both samples, although already at this point, VP3 could be easily 
identified in both samples. The Sf9-derived rAAV8 vector had a 
lower VP1/VP2 capsid protein content (Figure 4d), consistent with 
previous reports.20,22 This is a characteristic of the AAV8 produced 
in Baculovirus expression system and in no way is related to the 
purification protocol. An extra B1-immureactive minor band present 
in both 293- and Sf9-derived TFF samples (Figure 4d, marked by the 
asterisk (*)) was also identified in the iodixanol sample, although 
only at tenfold higher load. If this peptide is a product of capsid 
autocleavage, then perhaps it happens at a somewhat higher 
rate under the low pH conditions used in this protocol. There is no 
evidence, however, that these minor alterations affect the vector’s 
infectivity. The total yield in the peak SP 30% B fraction constituted 
56% of the SP load (by dot-blot assay), or 22% (by PCR assay), or 
62.8% (by GCA) for 293-derived rAAV8 (Figure 4e), with comparable 
yields for Sf9-derived vector (Figure 4f ).

Figure 4 Summary of rAAV8 purification. (a) SP column chromatography profile of HEK 293-derived rAAV8 purification. Solid line: OD280(mAU), dashed 
line: measured electric conductance (mS/cm). (b) SP column chromatography profile of Sf9-derived rAAV8 purification. (c) Silver-stain SDS protein gel 
analysis of rAAV8 purification steps. Fractions are as following: “293”: sample derived from chromatography shown in a; “Sf9”: sample derived from 
chromatography shown in b; “Benzo”: crude lysate treated with benzonase; “SP load”: supernatant after flocculation/centrifugation step; “SP FT”: SP 
column flow through; “SP 50%B”: fraction containing rAAV8 eluted from the column with the buffer mixture containing 50% buffer B (see the Materials 
and Methods section for details); “TFF”: tangential flow filtration fraction (final purified rAAV8 stock); “293 iodixanol”: positive control, rAAV8 purified 
by “conventional” iodixanol buoyant density gradient. (d) Western blotting analysis of the final purified rAAV8 fraction (TFF), side-by-side with positive 
control; left panel: adjusted gel load sample volumes; right panel: same sample volumes as in c. (e,f) Graphical representation of the rAAV8-GFP yields 
(e) from HEK 293 cells or (f) from Sf9 cells at all purification steps, as titered for the genome-containing particles (dot-blot assay, black bars, or PCR 
assay, gray bars); and infectious particles (green cell assay, GCA, white bars). The missing bars for some steps indicate the titers below 10E4, the Y-axis 
plotting scale. min, minute.
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DISCUSSION
The purpose of the current project was to develop a simple and 
reproducible purification method applicable to many, if not all, AAV 
serotypes and variants. In addition, the method should be applicable 
to AAV vectors produced from either mammalian or Sf9 insect cell 
cultures, i. e. from very different cellular protein milieus. Previously, 
we conducted an in-depth study of methods for the recovery of 
rAAV from bulk cell lysates establishing that no satisfactory method 
existed among those tested at the time.8 In the current project, we 
utilized the less explored method of low pH-induced flocculation of 
colloidal suspensions in a crude cell lysate.23 The relative stability of 
AAV under low pH conditions has been taken into consideration,18,24 
as well as reports that rAAVs can be purified under low pH condi-
tions by AVB Sepharose HP affinity chromatography.16,25 Target floc-
culation pH was selected in the range of pH3–pH4,23 and the sodium 
citrate buffer pH3.9 was found to be the most consistent in forming 
the flocculate without AAV virus loss. Moreover, sodium citrate buf-
fer was selected for the subsequent chromatography step because 
of its working pH range of 3.0–6.2, pKA = 6.4.26 The analysis of the cal-
culated isoelectric points (pI) mean values of capsids of all charac-
terized AAV serotypes 1–12 showed their slightly acidic character (pI 
= 6.3).18 This meant that at lower pH, the capsids will be  protonated 
and thus capable of binding to a strong cation exchanger contain-
ing, for example, a bonded sulfonic acid group, such as SP. At the 
buffer pH values approaching the isoelectric target point (pI = 6.3), 
capsids become zwitterionic (charge-neutral), which would enable 
their dissociation and elution from the resin. Thus, the flocculation 
and subsequent binding to SP resin could be carried at pH3.9, while 
elution from the resin could be conducted at higher pH approach-
ing pH6.2. It was also anticipated that because of the relative unifor-
mity of the capsids’ pI across all characterized serotypes, the purifi-
cation procedure would be applicable to many AAVs.

Prior to the method development we investigated whether 
exposing virus to low pH modifies its structure rendering it nonin-
fectious. Consistent with the previous observations,18 acidification 
of the virus for 2 hours resulted in little if any reduction of the infec-
tivity. Although longer incubations were somewhat unfavorable, 
the actual time of the purification (flocculation followed by column 
chromatography) is compatible with short low pH exposure times.

In this report, we describe a simplified purification protocol which, 
regardless of the upstream production method, yields exceptionally 
pure vector preparations. We have tested the protocol using three 
serotypes (AAV2, AAV8, and AAV9) from three different clades (Clade 
B, E, and F, respectively)27 thus validating its potential applicability 
to many AAV serotypes and mutants. The yield of the purified virus 
was significantly different for three serotypes tested ranging from to 

11% (AAV2), to 63% (AAV8), to 93% (AAV9) suggesting that for each 
serotype, optimization of chromatography step may be required.

We have shown the protocol’s utility in the context of rAAV 
vectors produced by triple transfection in mammalian HEK 293 
cells and in insect Sf9 cells produced by infection with baculovi-
rus, providing evidence of the protocol’s potential usefulness in 
an industrial scale-up production environment. To our knowl-
edge, this is one of the most inexpensive protocols utilizing sim-
ple off-the-shelf reagents such as sodium citrate and citric acid. 
Moreover, substituting SP Sepharose (bulk price ~US$1/ml) for 
AVB Sepharose HP (US$50/ml) brings the AAV vector methodol-
ogy within the reach of essentially any research laboratory. The 
protocol could be simplified even further by substituting micro-
fluidization with sonication, or freeze/thawing of a cell pellet, or 
even hypotonic lysis in H2O; and tangential flow filtration—with 
low-speed centrifugation/concentration through 150 kDa cut-off 
Apollo concentrator.

Separating DNA-containing and empty rAAV particles without 
ultracentrifugation in buoyant density gradients remains a tech-
nical challenge. Curiously, the pI value for virions incorporating 
packaged DNA is different from those for empty capsids.12 Perhaps 
modifying chromatography conditions and/or carriers as previously 
described12 will allow rAAV9 (and other serotypes) preparations to 
be more enriched for particles incorporating DNA.

In summary, we have developed an affordable protocol for the 
purification of rAAV using off-the-shelf reagents and easy to follow 
steps. Because of its overall simplicity, the protocol could be used 
in a regular research laboratory, as well as further adapted for GMP-
grade industrial scale production.

MATERIALS AND METHODS
Production of rAAV from HEK 293 cells
Typically, rAAV was produced by CaPO4-mediated transfection of plasmid 
DNA in 293 cells grown in CellStack format (Corning, New York, NY; seeded 
area of 6,360 cm2 containing ~1 × 109 cells at the time of transfection, 
~1.5 × 109 cells at harvest), as previously described.14

Production of rAAV from Sf9 producer cell lines
rAAV was produced from Sf9-based producer stable cell lines upon infec-
tion with a single recombinant baculovirus encoding the rAAV expression 
cassette, as previously described.21,28 Typically, insect cells were grown in 1 
l suspension (4 × 250 ml in 2 l Erlenmeyer flasks each) until their densities 
reached 2 × 106 cells/ml at which point recombinant Bac-rAAV-GFP was 
added at multiplicity of infection of 5. Cells were harvested 72 hours later 
and rAAV was purified as described below.

Production of clarified crude lysates
To maintain the reproducibility regardless of the scale of the process the 
volumes of each of the reagents used in this protocol are based on the 
approximate wet weight of the harvested cell pellet. An approximation of 
1 g cell pellet wet weight being equal to 1 ml is used in lieu of actual weights 
and volumes that can be determined by direct measure or displacement. 
Figure 5 shows an overview of the process: cell pellet is resuspended in an 
appropriate volume of 100 mmol/l sodium citrate followed by the addition 
of magnesium and benzonase. Following the digestion an appropriate vol-
ume of 100 mmol/l citric acid is added to acidify the slurry and to initiate the 
formation of a protein flocculate. After low-speed centrifugation, the super-
natant is subjected to ion exchange chromatography.

A Citrate Buffer Table26 was used to identify ratios of the buffer pair: 100 
mmol/l sodium citrate (Na3C6H5O7) and 100 mmol/l citric acid (C6H8O7) were 
mixed at the respective ratio of 16:34 (v/v) to derive a buffer of pH3.9. In 
practice, frozen cell pellets were resuspended in 100 mmol/l sodium citrate 
pH8.05, 1.44 ml/g wet cell pellet weight, at ~1.9 × 108 cells/g wet cell weight. 
ddH2O was then added, 2.25 ml/g wet cell weight, followed by MgCl2 to a 
final concentration of 1.6 mmol/l. DNA contaminants were digested by 

Figure 5 Schematic flowchart of adeno-associated virus (AAV) 
purification protocol. Step 1: A crude cell lysate is acidified by the 
addition of citric acid. Step 2: A heavy flocculate is precipitated by a 
low spin centrifugation. Step 3: A supernatant is subjected to a one-
step cation-exchange chromatography. Step 4: Eluted virus is dialyzed/
concentrated using tangential flow filtration.
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incubation with Benzonase (200 units/g wet cell weight) for 1 hour at 
37 °C. Cells were disrupted by one-pass microfluidization (Microfluidics, 
Westwood, MA; Model 110S Microfluidizerfitted with “Z” type interaction 
chamber to produce a colloidal suspension of particles of 100 µm or less) 
and 100 mmol/l citric acid was added (3.06 ml/g wet cell weight), followed 
by addition of H2O, 2.25 ml/g wet cell weight. Heavy flocculate, which imme-
diately formed at this point, was precipitated by centrifugation at 4,450g for 
10 minutes at room temperature. Supernatant (pH~3.6) was collected and 
subjected to SP cation exchange chromatography.

SP column chromatography
HiPrep SP HP 16/10 (20 ml bed volume, GE Healthcare Life Sciences, 
Pittsburgh, PA) was equilibrated with 5 column bed volumes (BV) of Buffer 
A: 25 mmol/l sodium citrate buffer, target pH3.9 (mixed at the ratios as 
described above and diluted fourfold), followed by 5 BV of Buffer B: 50 
mmol/l sodium citrate buffer, target pH6.2 (sodium citrate to citric acid 
ratio of 42.8:7.2, diluted twofold), containing 0.5 mol/l NaCl, followed by 
5 BV of Buffer A. The clarified supernatant was applied to the column at 
5 ml/minute, washed with Buffer A until the absorption at A280 reached 
background levels, followed by wash with 5 BV of 90% Buffer A and 10% 
Buffer B mixture (target pH4.65). AAV virus was eluted by the buffer mix-
ture of 80% Buffer A and 20% Buffer B (for AAV2, target pH4.96), or 70% 
Buffer A and 30% Buffer B (for AAV8, target pH5.22), or 50% Buffer A and 
50% Buffer B (for AAV9, target pH5.57).

rAAV titering
Dot-blot assay, PCR assay, and green cell fluorescent assays (GCA) were 
described earlier.14,29 For the GCA, 2 × 104 C12 cells30 per well in 96-well plates 
were infected with serial dilutions of a rAAV-GFP vector and coinfected with 
Ad5 (multiplicity of infection of 5) to increase the sensitivity. Forty-eight 
hours later, cells infected with rAAV-GFP were visually scored using a fluo-
rescence microscope and the titer was calculated according to the dilution 
factor.

Dot-blot immunoassay
rAAV9-GFP was diluted to 2 ng/μl in citrate-phosphate buffer at pH 7.4, 6.0, 
5.5, or 4.0 containing 150 mmol/l NaCl. Samples were incubated in a BioRad 
(Hercules, CA) C1000 Touch Thermal Cycler at a temperature range of 4–100 °C 
for initial experiments to broadly determine capsid stability (data not shown) 
then a narrower temperature range of 70–80 °C for subsequent experiments 
to more accurately assess capsid stability, for 5 minutes, then cooled to 4 °C. 
Twenty ng of a treated sample was immobilized onto a nitrocellulose mem-
brane using a dot-blot apparatus (Bio-Rad). Blots were blocked in 5% milk 
in 0.05% Tween-PBS and probed for intact capsids, denatured capsids, or 
VP1u externalization using anti-AAV9 capsid monoclonal antibodies HL-2370 
at 1:1,000, B1 (American Research Products, Waltham, MA) at 1:3,000, or A1 
(American Research Products) at 1:20, respectively. Detection was carried out 
using HRP-linked anti-mouse monoclonal antibody at 1:5,000 (GE Healthcare) 
and Immobilon chemiluminescent substrate (Millipore, Billerica, MA)

Electron microscopy
rAAV9-GFP was diluted to 50 ng/µl in citrate-phosphate buffer at pH 7.4, 6.0, 
5.5, or 4.0 containing 150 mmol/l NaCl and heated to 73 °C, 75 °C, 77 °C, 78 
°C, or 80 °C for 5 minutes then cooled to 4 °C using a BioRad C1000 Touch 
Thermal Cycler. Samples were adhered to glow-discharged carbon-coated 
copper grids (TED Pella, Redding, CA) and stained with 2% uranyl acetate. 
Images were collected using a Tecnai G2 Spirit transmission electron micro-
scope (FEI, Eindhoven, The Netherlands).
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