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Abstract 25 
Adeno-associated virus (AAV) is the most commonly used viral vector for both 26 

biological and gene therapeutic applications1. Although many methods have been 27 
developed to measure quantity attributes of AAV, they are often technically challenging 28 
and time consuming. Here we report a method to titer AAV with GelGreen® dye, a safe 29 
green fluorescence nucleic acid dye recently engineered by Biotium company (Fremont, 30 
CA). This method, hereinafter referred to as GelGreen method, provides a fast (~ 30 31 
minutes) and reliable strategy for AAV titration. To validate GelGreen method, we 32 
measured genome titer of an AAV reference material AAV8RSM and compared our 33 
titration results with those determined by Reference Material Working Group (ARMWG). 34 
We showed that GelGreen results and capsid Elisa results are comparable to each 35 
other. We also showed that GelRed® dye, a red fluorescence dye from Biotium, can be 36 
used to directly “visualize” AAV genome titer on a conventional gel imager, presenting 37 
an especially direct approach to estimate viral quantity. In summary, we described a 38 
technique to titer AAV by using new generation of safe DNA dyes. This technique is 39 
simple, safe, reliable and cost-efficient. It has potential to be broadly applied for 40 
quantifying and normalizing AAV viral vectors.  41  42 
Introduction 43 

AAV is a small single-stranded DNA virus belonging to parvovirus family2. 44 
Features such as low toxicity, high safety, long-term expression and efficient 45 
transduction of both dividing and non-dividing cells have made AAV the most frequently 46 
used viral vector in biological studies3-5. Over the last two decades, AAV vector has also 47 
emerged as the most common vehicle for gene therapy1, 6. Back in 1995, an AAV 48 
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vehicle was first used to treat cystic fibrosis in a human patient7. In 2008, three clinical 49 
trials using AAV vectors to treat Leber's congenital amaurosis were published 8-10. As of 50 
to date, more than two hundreds clinical trials involving AAV have been conducted, 51 
whereby AAV vectors have shown great promise in treating different human diseases.  52 

Recombinant AAV (rAAV) can now be packaged and purified quite routinely in 53 
laboratories, but their titers can vary largely, depending on packaging and purification 54 
methods and scales of production.  Therefore it is imperative to establish accurate titers 55 
of rAAVs to ensure appropriate dosing. Many analytical methods, designed to measure 56 
either the physical or infectious titer of rAAV, have been developed.  Among these are, 57 
for example, the dot blot hybridization11, enzyme-linked immunosorbent assay (Elisa)12, 58 
13, Electron microscopy (EM)14, qPCR15-17, optical density18, DNA dye binding assay19 59 
SDS-PAGE gel assay20, 21, TCID50 (50% Tissue Culture Infective Dose)22, replication 60 
center assay (RCA)23  and  infectious  center  assay (ICA) assays24. Apparently each 61 
method has its own advantages and limitations. In the last several years, qPCR method 62 
has emerged as one of the most popular choices among labs, mostly due to its high 63 
sensitivity and broad dynamic range. But the qPCR method, like many others, also 64 
presents drawbacks. For instance, qPCR method is rather labor intensive. It is highly 65 
sensitive to experimental conditions, making it susceptible to errors. Factors such as 66 
PCR primers, reagents, equipment and DNA standards etc., can all significantly 67 
influence the test results25, 26. Because of that, significant inter- and intra- laboratory 68 
variations were often reported27. To overcome some of these issues, AAV titration 69 
method based on droplet digital PCR (ddPCR) was developed27. ddPCR is an endpoint 70 
PCR approach with the capability of measuring absolute number of DNA targets. Unlike 71 
qPCR, ddPCR is independent of reference materials and is less sensitive to inhibitors of 72 
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PCR reactions, making it more accurate for measuring AAV titers28. However, ddPCR 73 
titration method is not widely used. Perhaps the requirement for special instrument and 74 
relatively high labor intensity have limited its broad application.  75 

rAAVs can also be tittered by measuring their DNA contents more directly. For 76 
example, Cell Biolabs (San Diego, CA) has designed a commercial AAV titration kit 77 
(QuickTiter™ AAV Quantitation kit) based on quantifiable binding of DNA dye (CyQuant 78 
GR) to rAAV genome. Similarly, picoGreen, another sensitive DNA dye, has also been 79 
used to measure AAV titer based on the same principle19. A major advantage of DNA 80 
dye based assays is that they can be completed within 2-3 hours, much shorter than 81 
many other methods. Also, DNA dye-based assays was reported to have much less 82 
intra- and inter-assay variability as compared to dot blot and qPCR methods19. Notably, 83 
both CyQuant GR dye and picoGreen are membrane permeable dyes belonging to 84 
cyanine dye family. While CyQuant GR is often used in cell proliferation assays29, 85 
picoGreen dye is often used for quantifying double stranded (ds) DNA30, 31. 86 

In recent years, several safe nucleic acid dyes have been developed, such as 87 
Gelgreen® and Gelred® from Biotium (Fremont, CA, USA), SYBRsafe and SYBRgold 88 
from Thermo-Fisher Scientific (Waltham, MA, USA) and Diamond™ from Promega 89 
(Madison, WI, USA). These dyes are now widely available as more and more labs are 90 
choosing them to replace ethidium bromide to stain DNA and RNA in gels. Compared 91 
with CyQuant GR dye and picoGreen dyes, these new dyes are more affordable. 92 
Importantly, they are membrane impermeant, making them safer to use and more 93 
friendly to environment. 94 

In an effort to develop a safe, simple and reliable method for measuring AAV 95 
concentrations, we wondered if we could take advantage of the newly developed safe 96 
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nucleic acid dyes, such as GelRed® and GelGreen®. According to Biotium, both 97 
GelRed® and GelGreen® can readily detect 1 ng of DNA in gel, with some users being 98 
able to detect bands containing less than 0.1 ng DNA. If these claims are true, then 99 
GelRed® and GelGreen® should at least be capable of detecting 3 - 4 μl of AAV at titer 100 
of 1 x 1011 GC/ml, which contains ~1 ng DNA (GC stands for genome copy; equations 101 
are provided in the method section). This level of sensitivity should be sufficient for most 102 
AAV samples as standard laboratory protocols typically produce rAAVs with titers one to 103 
two logs higher than 1 x 1011 GC/ml. 104 

Here we report a method to measure AAV titer with GelGreen® and GelRed®. 105 
This method is fast, safe, reliable and cost-efficient. It produced similar result as 106 
compared to capsid Elisa method32. We believe this method could to be broadly useful 107 
in quantifying and normalizing AAV vectors.  108 109 
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Materials and Methods 110 
rAAV production and purification 111 

rAAVs were produced in-house using triple transfection methods33-36. The 112 
plasmids used for transfections were as follows: 1) cis-plasmid containing a gene 113 
expression cassette flanked by AAV2 inverted terminal repeats (ITRs); 2) trans-114 
plasmids containing the AAV2 rep gene and AAV2 capsid protein genes; 3) adenovirus 115 
helper plasmid pAd∆F6. rAAVs were purified by iodixanol gradient ultracentrifugation as 116 
previously described16, 37. rAAV serotype 8 Reference Standard Material (AAV8RSM)38  117 
was purchased from American Type Culture Collection (ATCC # VR-1816).  118 
Cytation 3 Plate reader 119 

Cytation 3 Multi-Mode plate reader from BioTek (Winooski, VT) was used for 120 
DNA binding assay. It was equipped with a 488 nm laser for excitation and a 528/20 121 
filter for emission. Gelgreen® was chosen to stain DNA because its excitation and 122 
emission spectrums are similar to GFP and it can be readily detected by virtually any 123 
plate readers.  124 
Gel imager 125 
 We used a DNA gels imager (Gel Logic 200 Imaging System) from Kodac 126 
(Rochester, NY), combined with a UV light box, to visualize viral DNA stained with 127 
Gelred®. Digital images were acquired and analyzed by image J software as 128 
described39 to provide a semi-quantitative analysis.  129 
Data Analysis 130 

Statistical analyses were conducted with Graphpad Prism software (San Diego, 131 
CA). Student’s t-test and One-way ANOVA with Tukey’s post hoc test was used for data 132 
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comparisons. Differences were considered significant when p < 0.05. Data are shown as 133 
mean ± SD.  134 

The limit of detection (LOD) is defined as the mean value of sample blanks plus 3 135 
standard deviations (SD). The limit of quantification (LOQ) is defined as mean value of 136 
sample blanks plus 10 SD.  137 

A plasmid DNA, initially constructed as a cis-plasmid for making rAAV was used 138 
in this study as DNA standard. Its concentration was measured by NanoDrop™ 139 
Spectrophotometers (ThermoFisher, Waltham, MA, USA). The amounts of DNA (ng) in 140 
viral samples, either lysed or unlysed, were determined by standard curves. We then 141 
calculated the amount of encapsided DNA as the difference between the values of lysed 142 
samples and un-lysed samples.   143 

The following are equations for converting encapsided DNA (ng) to AAV titer 144 
(GC/ml): 145 
(1)       ( / ) = (    ) ∗ (1.0 − 9) ∗ 6.022 23 ∗ (   ) ∗ (1 − 3)  

where,  146 (2)       =   ( ) ∗ 330 /  
 147 

Note 1: 330 g/mol is the average mass of a single nucleotide (nt). Genome size 148 
of rAAV (ssDNA) is typically between 4000 to 5000 nt.  149 

Note 2: If DNA sequence is available, MW of an AAV genome can be more 150 
precisely determined. For example, AAV8RSM was produced by pTR-UF-11 plasmid40. 151 
Based on its sequence, we calculated the MW of AAV8RSM’s genome to be 1 334 245 152 
(g/mol). This number was used to compute titers of AAV8RSM in this report. 153 
  154 
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Results 155 
Detection of DNA by Gelgreen® 156 

To determine the detection limit and optimal concentration of Gelgreen dye, we 157 
carried out quantitative DNA binding assays using Cytation 3 plate reader. To set up the 158 
binding assay, we prepared several sets of DNA standards using a plasmid DNA. Each 159 
set of standard contains 12-point serial dilutions of DNA ranging from 0-50 ng. DNA 160 
standards were then transferred to 96-well plate containing GelGreen® diluted in 161 
phosphate-buffered saline (PBS) before fluorescence measurement. 162 

Calibration plot of fluorescence intensity versus DNA is shown in Figure 1A 163 
(linear scale) and Figure 1B (logarithmic scale). Between 1/3000 to 1/100 000 dilution, 164 
GelGreen® readily responded to a wide range of DNA, showing linearity for DNA in the 165 
range of 0-50 ng, with all assays exhibiting acceptable correlation efficient (R2) of >99% 166 
(Figure 1A, 1B). However, at high concentrations of GelGreen® (1:500 and 1:1000), 167 
fluorescence signals no longer responded to DNA (Figure 1A, 1B). To view the effects 168 
of dye more directly, we re-plotted the data as fluorescence intensity vs. dye 169 
concentration in Figure 1C. This plot revealed a series of inverse bell-shaped dose-170 
response curves for any given amount of DNA (0.78 - 50 ng), with their peak values all 171 
occurring at ~1/10 000 dye dilution and with sharp downslopes occurring after 1/3000. 172 
Thus in our assay, the optimal dye concentration for detecting DNA was 1/10 000, 173 
agreeing with manufacture’s recommendation.  174 

To assess the sensitivity of the DNA binding assay, we measured both the limit 175 
of detection (LOD) and the limit of quantification (LOQ) of GelGreen® at 1/10 000 176 
dilution. (Figure 1D). With the standard deviation (SD) to be 10.60 and mean value to be 177 
583 for sample blanks (n=3), we calculated the LOD and LOQ to be 611 and 690 178 
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respectively. Based on these values, we derived LOD to be 0.19 ng and LOQ to be and 179 
0.35 ng from standard curve (marked with dashes lines in Figure 1D). In addition, using 180 
t-test we found that 0.39 ng DNA was the lowest amount to achieve statistical 181 
significance when compared to sample blanks (707.70 ± 26.03 vs 583 ± 10.60, n=3, 182 
p<0.01). Thus, Gelgreen® - based DNA binding assay is sensitive enough to measure 183 
as low as 0.2 - 0.4 ng DNA.  184 
 185 
Release of viral DNA by heating  186 

AAV genome is encapsided. To measure it, one must first break apart viral 187 
capsids. Common methods for this purpose are proteinase K digestion27 and heat 188 
inactivation18. Often Proteinase K digestion is proceeded by DNAse I treatment to 189 
remove DNA contaminations25, 27. Heat inactivation is often performed around 70 °C in 190 
the presence of 0.05-0.1% SDS18. It usually takes one hour to perform these 191 
inactivation protocols.  192 

In an effort to further shorten experimental time, we devised and tested two 193 
strategies for releasing viral DNA contents.  The first strategy involves heating samples 194 
at high temperature of 95 °C, which can be done easily with standard PCR thermo-195 
cycler. Meanwhile we also tested whether it is necessary to include SDS during heating 196 
process. In this experiment, we used an in-house produced rAAV sample packaged in 197 
capsid from serotype 2. We first diluted rAAV into 10 μl of PBS in PCR tubes then 198 
heated samples at 95 °C in thermo-cycler for various length of time. After heating and 199 
natural cooling, samples were transferred to 96-well plate containing 90 μl PBS and 200 
GelGreen® at 1/10 000 dilution for fluorescence measurement.  201 
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Results are shown in Figure 2A. We first inspected intrinsic dye signals (blanks) 202 
and compared that with signals of non-heated samples (see the blue line, 0 SDS).  203 
Sample blanks yielded signals of 515.7± 26.58 (n=3), whereas the non-heated sample 204 
exhibited slightly higher fluorescence (647.3 ± 16.80, n=3). The small difference here 205 
was thought to be caused by contamination of non-encapsided DNA in the AAV prep, 206 
which is quite common. Heating samples at 95°C caused a much larger increase of 207 
fluorescence signals, suggesting that contents of rAAV genome were released. 208 
Surprisingly, merely 5 minute of heating appeared to be sufficient, as longer heating (up 209 
to 20 minutes) produced no further increase of fluorescence. This observation implied 210 
that most of capsids, if not all, were already destroyed by heating after 5 minutes.  211 

When samples (10 ul) were heated in the presence of 0.1% SDS, which yielded 212 
0.01% SDS in final volume of 100 ul (red line), fluorescence signals again peaked at 5 213 
minute. However these signals were significantly lower when compared to those without 214 
SDS (blue line). In an extreme case, when SDS was at final concentration of 0.1% 215 
(green line), the increase of fluorescence by heating was completely prevented (Figure 216 
2A).  217 

To investigate the effect of SDS more carefully, we prepared four sets of DNA 218 
standard containing different amount of SDS and performed DNA binding assays. 219 
Results are summarized in Figure 2B. While small amount of SDS (0.001%) had little 220 
effect as compared to control, 0.01% SDS already caused significantly inhibition. At 221 
0.1% SDS, fluorescence responses completely vanished. Thus SDS must be kept low, 222 
otherwise will obstruct DNA binding assay. We advise that care should be taken when 223 
using GelGreen® to stain DNA in gels. Many GelGreen® users may not be aware that 224 
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high amount of SDS (0.5% - 1%) is often included in 10X DNA loading dyes, which 225 
could have significant negative impact on detecting DNA bands by GelGreen®.  226 

In conclusion, we found that 5 minutes of heating at 95 °C in PBS provided a 227 
simple and efficient way to release viral DNA. Meanwhile we also found that not only 228 
was SDS unnecessary but it was also detrimental for DNA detection by GelRreen®. 229 
 230 
Release of viral DNA by alkaline lysis 231 

The second strategy we explored was the alkaline lysis. It is a very common 232 
molecular technique for protein and DNA denaturation, but it has rarely been used for 233 
lysing AAV particles17. We decided to test whether encapsided vrial DNA can be 234 
efficiently released by NaOH. Different amount of NaOH was tested for its lysing ability. 235 
The procedure is simple. We first treated viral samples (10 μl) with 2 μl of NaOH, we 236 
then added 2 μl of Tris buffer (PH 5.0) of two times the concentration of NaOH, to 237 
neutralize NaOH. Right after that we conducted DNA binding assay as described. 238 

 A dose-response curve of NaOH on fluorescence signals is shown in Figure 3A. 239 
Clearly, fluorescence signals were enhanced by NaOH, with large increases observed 240 
from samples treated with 15 mM to 125mM NaOH. It is likely that under these 241 
conditions viral particles were fully lysed. In comparison, 7.5 mM NaOH only caused a 242 
small fluorescence increase, suggesting that it only triggered a partial release. Based on 243 
the dose-response curve, we estimated the EC50 of NaOH treatment to be ~12 mM. 244 
Also noticeable was a small decline of fluorescence when NaOH was above 125 mM.  245 
We suspected that high dose of NaOH/Tris treatment may either cause DNA damage or 246 
weaken DNA/dye interactions. In light of this observation, we consider proper range of 247 
NaOH to be between 30 mM to 125 mM. 248 
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Together we explored two methods to release viral DNA from capsids. Both 249 
methods can be done quickly and both appear to be fully effective. To be more 250 
assertive about their efficacies, we tested if combining two treatments could yield higher 251 
lysis than single treatment alone. Briefly, we either added NaOH (100 mM) to samples 252 
that have already been heated at 95 °C, or we subjected NaOH-treated samples to 95 253 
°C heating. As shown in Figure 3B, neither did NaOH (Purple) increase fluorescence to 254 
samples that have already been heated (Green), nor did heating (Black) enhance 255 
fluorescence of NaOH-treated samples (Orange). Together these results suggest that 256 
AAV were fully lysed by either of the two lysing methods alone, rendering the follow-up 257 
treatment nominal. In summary, heating method and alkaline method are both efficient 258 
and quick. Alkaline lysis is even easier to set up, giving itself a slight edge. 259 
 260 
Titration of AAV8RSM by GelGreen method  261 

To validate GelGreen method for AAV titration, we measured titer of an AAV 262 
reference material (ARM) and compared our results to published results. The reference 263 
material was developed and characterized by ARMWG, for the purpose of normalizing 264 
titers of AAV vectors38, 41. Two ARMs, AAV2RSM and AAV8RSM, are available from 265 
ATCC (listed as ATCC-VR1616 and ATCC-VR1816, respectively). Their respective 266 
titers provided by ARMWG are 3.28 x 1010 GC/ml and 5.75 x 1011 GC/ml38, 41. We 267 
decided to use AAV8RSM for validation because its titer is higher and also because it 268 
has been extensively characterized. Many details were included in a series of 269 
publications26, 32, 38, 42, making it possible to compare our data with the literature values.  270 

To measure the titer of AAV8RSM, we conducted three independent assays, with 271 
each assay performed in triplicates. For lysed samples, 1 μl of AAV8RSM was diluted in 272 
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10 ul PBS, followed by 2 μl of NaOH (500 mM) treatment for 2 minutes and then 2 ul of 273 
Tris (1M, PH 5.0) neutralization. For unlysed controls, 1 μl of AAV8RSM was simply 274 
diluted in PBS without addition of NaOH and Tris buffer. 12-point DNA standards 275 
ranging from 0 to 5.0 ng were also prepared. DNA binding assay was conducted as 276 
described before. Data from all three experiments was summarized in table 1.  277 

An example to illustrate the analysis process is provided in Figure 4. In this 278 
experiment, unlysed samples exhibited fluorescence (527.5 ± 12.5, n=3) similar to 279 
sample blanks  (516.8 ± 22.3, n=3), indicating that contamination of non-encapsided 280 
DNA was low in AAV8RSM. Based on the standard curve (Figure 4, inset), we 281 
estimated non-encapsided DNA to be 0.15 ng for each ul of AAV8RSM. Meanwhile 282 
lysed samples exhibited averaged fluorescence of 762.7± 27.42 (n=3), translating to 283 
1.20 ng of DNA per ul of AAV8RSM. Therefore, encapsided DNA, calculated by 284 
subtracting values of unlysed samples from value of lysed samples, equals to 1.05 ng/ 285 
ul virus. Based on the provided equation, titer of AAV8RSM from this experiment was 286 
calculated to be 4.7x10^11 GC/ml.  287 

In the same way we calculated titers of AAV8RSM for each independent assay 288 
(Table 1). At first glance, titers determined in each replicate, from all three experiments, 289 
fall into the range of 3-5 x 1011 GC/ml, similar to those obtained by Elisa method in 290 
previous studies26, 32, 38, 42. We will discuss this in more details in the discussion section. 291 
Intra-assay analysis was performed and it revealed low coefficients of variation (CV), 292 
with the highest being 16.4% and lowest being 7.7% (Table 1). Inter-assay analysis of 293 
three independent experiments showed mean titer of 4.23 x 1011, with low 95% 294 
confidence interval (CI) and high 95% CI to be 2.50 x 1011 and 5.97 x 1011 respectively, 295 
and with inter-assay CV to be 16.3%. Taken together, coefficients of variation of both 296 
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inter-assay and intra-assay are quite low, indicating high repeatability and reproducibility 297 
of the GelGreen method (Table 1). 298 

 299 
Evaluation of the accuracy of GelGreen® - based AAV titration method 300 

To further evaluate accuracy of the GelGreen method, we designed and 301 
performed a new experiment, in which we adopted the concept of amplification 302 
efficiency from qPCR analysis. The amplification efficiency of qPCR is calculated as E = 303 
-1+n(-1/slope) where n is dilution factor and  slope can be derived from linear regression of 304 
threshold cycle (Ct) vs. log of input DNA. In general, efficiency between 90% and 110% 305 
is acceptable.  306 

In a similar way, we measured efficiency of GelGreen method using serial 2-fold 307 
dilution of a home-made rAAV sample. We used NaOH to lyse viral particles and 308 
conducted DNA quantification as before. DNA standard curve is shown in Figure 5A.  309 
As expected, fluorescence of serially diluted AAV samples progressively declined 310 
(Figure 5B). Similarly, DNA mass, which was converted from florescence based on 311 
standard curve, also took steps down during serial dilution (Figure 5C). We recognized 312 
that 1 μl of viral sample contained ~18 ng DNA. A simple calculation yielded a titer of 313 
6.99 x 1012 for this sample (Figure 5C). After six rounds of two-fold dilution, total DNA 314 
was reduced to less than 0.3 ng and consequently became non-detectable (Figure 5 B-315 
D). Meanwhile, linear relationships existed between Log2(DNA) and number of dilutions 316 
up to 6 (Figure 1D). Slopes from three independent serial dilutions were derived from 317 
the linear portion of the curves to attain a mean value of  -0.96 ± 0.04. Accordingly, we 318 
calculated efficiency of GelGreen method to be 106 ± 11 %, which is very close to the 319 
theoretical 100% efficiency. 320 
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Visualization of rAAV quantity with gel imager 321 
Having measured AAV titer with plate reader, we wondered if we can even 322 

“visualize” AAV titer directly with a gel imager. We are equipped with a system intended 323 
for imaging ethidium bromide (EB) stained DNA. Thus we chose GelRed® in this 324 
experiment because its fluorescence properties are similar to that of EB. A pilot 325 
experiment found that 1/10 000 dilution of GelRed® is also the optimal dilution factor for 326 
DNA detection, like GelGreen®. 327 

We selected a rAAV sample whose titer was about 4.5x1012.  We made four-328 
point serial dilution (2-fold) of virus in a PCR strip, with the starting tube containing 1 μl 329 
virus diluted in 10 μl of PBS. Samples were heated at 95 °C for 5 minutes in a PCR 330 
thermo-cycler. After heating, we pipetted 5 μl of 1/3,300 GelRed® into PCR strip to 331 
make final 1/10 000 GelRed® dilution. We also made DNA standard (0-50 ng) in a PCR 332 
strip. Viral samples and DNA standard were imaged simultaneously with gel imager 333 
(Figure 6A). By side-by-side comparison, it is quite easy to approximate that the amount 334 
of DNA in the starting tube is between 6.26 to 12.5 ng.  To be more quantitative, we 335 
analyzed image file with image J software to generate a calibration plot. This plot shows 336 
linear relationship between fluorescence intensity and DNA up to 25 ng (Figure 6B). 337 
Based on the standard curve, we calculated the DNA content in the staring tube to be 338 
11.9 ng. Similarly, viral sample’s DNA contents at each dilution were derived. The plot 339 
of Log2(DNA) vs dilution showed a linear relationship with a slope of -0.87, which 340 
yielded a 121% efficiency (Figure 6C). Thus, simple imaging method provided a quick, 341 
and fairly effective way to estimate AAV titers.  342  343 
Discussion 344 
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Here we report a method to quantify AAV vectors based on binding of AAV’s 345 
DNA with a safe nucleic dye. This method offers several advantages.  First, it is very 346 
fast. It allows determination of AAV titrations in about 30 minutes. Second, it is safe and 347 
cost-efficient. The Biotum dyes we used are membrane impermeant, making them safer 348 
to use and less hazardous to environment. It is also economical. Each experiment 349 
typically requires less than 1 μl of dye, costing only 20-30 cents.  Most importantly, this 350 
method is consistent, as inter-assay and intra-assay variations are both small. We 351 
believe this is mainly due to the fact that DNA was measured directly without 352 
amplification. Skipping amplification steps makes the assay less sensitive to many 353 
factors that are crucial for enzyme-based reactions, such as PCR and capsid Elisa.  The 354 
main disadvantage of the method is its low sensitivity, at least when compared to qPCR 355 
method and Elisa. Since LOD of GelGreen is ~ 0.3 ng, we estimate that the lowest AAV 356 
titer this method can detect is about 1.0 x1010 gc/ml at the expense of 10 μl of viral 357 
sample. 358 

AAV genome is single-stranded DNA (ssDNA) of approximately 4.7-kilobases 359 
(kb). It was flanked with two 145 nucleotide-long inverted terminal repeats (ITR) that 360 
actually form double stranded DNA (dsDNA). Thus in its natural form, AAV genome is 361 
made of both ssDNA and dsDNA. Although it has been suggested that following 362 
denaturation AAV genome anneals to form dsDNA18, the extent to which dsDNA is 363 
converted from ssDNA remains unclear. Given this concern, it is perhaps less 364 
compelling to use exclusive dsDNA dyes such as CyQuant and picoGreen for AAV 365 
titration. On the other hand, GelRed® and GelGreen® dyes bind both ssDNA and 366 
dsDNA, making them more suitable than dsDNA dyes for measuring AAV’s genome 367 
content. 368 
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We have explored two methods for releasing viral DNA from viral particles. The 369 
first method is heat inactivation. It has been demonstrated that AAV serotypes are 370 
different in their thermal stability, with rAAV2 being the least thermal stable and rAAV5 371 
being the most thermal stable. In PBS buffer, the melting temperature (Tms) of different 372 
AAV serotypes range from 66.5 up to 89.5 °C43. Therefore we choose to heat rAAV 373 
samples at 95 °C. At such high temperature, even the most stable rAAV5 should be 374 
destroyed. The second method we used is the alkaline lysis method. In our experiment, 375 
we found the EC50 of NaOH treatment to be 12 mM for AAV serotype 2. It remains to be 376 
examined whether different AAV serotypes share a similar sensitivity to NaOH 377 
treatment. To be more rigorous, we have used high concentration of NaOH (100 mM) in 378 
our experiments to lyse AAV.  379 

AAV8RSM has been extensively characterized by ARMWG. In the first paper 380 
published in 201438, genome titer was determined be 9.62 x 1011 GC/ml, based on 381 
qPCR data obtained from 16 labs. However, significant variations were found among 382 
these labs, with almost 100-fold difference between the lowest titer (4.6 x 1010 GC/ml) 383 
and the highest titer (4.7 x 1012 GC/ml). Elisa method was also used to measure capsid 384 
particle titer of AAV8RSM. This assay yielded a value of 5.5 x 1011, which is actually 385 
lower than the value determined by qPCR38. The second paper published in 2016 386 
demonstrated a “free-ITR” qPCR method. Using this method, the titer of AAV8RSM was 387 
measured to be 5.65 x 1011 GC/ml, which was close to the titer determined by dot blot 388 
method and Elisa methods (Table 4, D’Costa  et al. 26). In the third paper published in 389 
2018, AAV8RSM titer was determined to be 5.65 x 1011 GC/ml by qPCR targeting the 390 
SV40 polyA sequence (Table 1, François et al.42).  This result is similar to the results 391 
published in 201626. However in 2019, three independent labs from ARMWG carried out 392 
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AAV8RSM titration again32. This time, the genome titer determined by qPCR (1.48 ± 393 
0.618 x1012 GC/m) was 2-3 fold higher than total capsid particle titer determined by 394 
Elisa (5.76 ± 0.33 x1011).  So despite a series of studies that spanned many years, 395 
discrepancies remain to be resolved, although it was evident that ELISA method was 396 
more consistent than qPCR method32.  397 

We decided to statistically compare the titer determined by GelGreen method in 398 
our study to the titers determined by Elisa and qPCR methods in ARMWG’s most recent 399 
report32. For this purpose, we imported results from Penaud-Budloo et al.32 and re-400 
plotted their data as “Elisa” group and “qPCR” group in parallel with our GelGreen data 401 
(Figure 7). One-way ANOVA revealed significant difference among the three groups 402 
(F2,7= 6.053, p<0.05). Tukey’s post-test showed that the GelGreen group is significantly 403 
different from the qPCR group but is not different from the Elisa group. Specifically, titer 404 
measured by GelGreen was 4.23 ± 0.70 x 1011, which is slightly lower although is still 405 
within one standard deviation to the titer measured by capsid ELISA (5.73 ± 2.62 406 
x1011).  407 

In conclusion, we report a protocol to measure AAV titer using safe nucleic acid 408 
dyes. This protocol is simple, safe, reliable and cost-efficient. It could be broadly applied 409 
for quantification and normalization of AAV vectors. Future studies can explore more 410 
DNA dyes and may find improvements in detection limit.   411 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2020. ; https://doi.org/10.1101/2020.02.27.968636doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.27.968636


 19

Acknowledgements  412 
The authors thank Northwestern University Analytical BioNanotechnology Equipment 413 
Core facility of the Simpson Querrey Institute for providing Cytation 3 plate readers and 414 
for technical support.  415 
 416 
Conflict of Interest  417 
The authors declare that they have no conflict of interest. 418 
 419 
Author Contributions & Funding Sources 420 
JX , YZ  and SHD designed experiments, collected and analyzed data, and wrote the 421 
manuscript. This work was supported by NIH R01 EY030169  to YZ, Whitehall grant to 422 
YZ and NIH R01 EY018204 to SHD.    423 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted February 28, 2020. ; https://doi.org/10.1101/2020.02.27.968636doi: bioRxiv preprint 

https://doi.org/10.1101/2020.02.27.968636


 20

Figure legends 424 
Figure 1. Detection of DNA by Gelgreen®. 425 
(A) Calibration plot of fluorescence intensity vs. DNA. Each line represents different 426 
dilutions of GelGreen®. Between 1/3000 to 1/100 000 dilution, GelGreen® showed 427 
linearity for DNA in the range of 0-50 ng. Results are averaged from triplicate wells. 428 
Bars indicate SD. 429 
(B) Plot of fluorescence intensity vs. DNA in logarithmic x-axis and y-axis. Each line 430 
represents different dilutions of GelGreen®. Results are averaged from triplicate wells. 431 
Bars indicate SD. 432 
(C) Effects of dye concentrations. Each line represents different amount of DNA. The 433 
results are averaged from triplicate samples. Bars indicate SD. 434 
(D) Limit of detection and quantification. GelGreen® was at 1/10 000. The plot shows an 435 
enlarged scale for DNA < 4 ng. Results are averaged from triplicate wells. Bars indicate 436 
SD. Limit of detection (LOD) (0.19 ng) and limit of quantification (LOQ) (0.35 ng) are 437 
marked with dashed lines. ** indicates statistically significant difference (t-test, p<0.01) 438 
compared to blanks (0 ng).  439 
 440 
Figure 2. Release of viral DNA by heating at 95 °C. 441 
(A) Time course of fluorescence intensity during heating. Each line represents different 442 
concentration of SDS. Results are averaged from triplicate samples. Bars indicate SD.  443 
(B) Effects of SDS on DNA binding assay.  Shown are series of curves of fluorescence 444 
vs DNA, with DNA ranging from 0-50 ng. Each curve represents different concentration 445 
of SDS.  Results are averaged from triplicate wells. Bars indicate SD.  446 
 447 
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Figure 3. Release of viral DNA by alkaline lysis. 448 
(A) Fluorescence changes in response to NaOH treatment. NaOH ranges from 0 to 250 449 
mM. Results are averaged from triplicate samples. Bars indicate SD.  450 
(B) Effects of combining alkaline lysis and heating procedures on viral lyisis. Results are 451 
averaged from triplicate samples. Bars indicate SD. ns = not significant.  452 
 453 
Figure 4. Titration of AAV8RSM by GelGreen method.  454 
(A) Calibration plot of standard DNA in linear-linear scale and in log-log scale (inset). 455 
The DNA standard was made by serial dilution from 5 ng with dilution effect of 0.7. 456 
Trend lines, linear regression equations and R2 are shown.  Dash lines are for three 457 
untreated rAAV sample intersecting Y-axis at 514, 529 and 539 (green), and three 458 
NaOH-treated samples at Y-axis of 771, 732 and 781 (red) respectively.  459 
 460 
Figure 5. Evaluation of the accuracy of the GelGreen-based AAV titration method. 461 
(A) DNA standard curve (log-log plot). DNA standard was made by two-fold serial 462 
dilution, ranging  from 0 to 50 ng. Red circles on the fitted line indicate fluorescence of 463 
AAV virus (averaged from triplicate samples) at different dilutions.  464 
(B) Fluorescence of serially diluted AAV virus. Results are averaged from triplicate 465 
samples. Bars indicate SD.  466 
(C) Plot of converted viral DNA mass vs. dilutions. Results are averaged from triplicate 467 
samples. Bars indicate SD. 468 
(D) Plot of Log2 of the DNA vs. dilutions. Each line represents one dilution series (n=3). 469 
Linear relationships exist when the dilution rounds were less than 6. Trend lines, linear 470 
regression equations and R2 are shown.  471 
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 472 
Figure 6. Direct visualization of quantities of rAAV using gel imager. 473 
(A) Images of DNA standard (top) and AAV samples (Bottom) stained by 1/10 000 474 
GelRed®. DNA standard was made by two-fold serial dilution, starting at 50 ng. AAV 475 
samples consisted of 4-point twofold dilution series.  476 
(B) Calibration plot of DNA standard. GelRed® shows linearity for the range of 0-25 ng 477 
DNA. Trend lines, linear regression equations and R2 are shown.  Red circles on the 478 
fitted line indicate fluorescence of serially diluted vial samples. 479 
(C) Linear approximation of Log2 DNA input vs. dilution. Calculated slope and R2 are 480 
shown.  481 
 482 
Figure 7. Comparisons of titers of AAV8RSM determined by different methods. 483 
Bar graph showing titers of AAV8RSM determined by three different methods. The first 484 
set of data is based on GelGreen method in this study. The second set (Elisa) and third 485 
set (qPCR) of data was imported directly from Table 3 and Table 1 of  Penaud-Budloo 486 
201932. Bars indicate SD.  #, p < 0.05, one way ANOVA; *, p < 0.05, Tukey multi-487 
comparison test. 488 
  489 
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Table 1.  Titration of AAV8RSM (ATCC VR-1816) 
 

Intra assays 

 Replicate 
1 

Replicate 
2 

Replicate 
3 Mean SD Low 

95% CI 
High 

95% CI CV% 

Assay 
#1 3.16E+11 3.46E+11 3.69E+11 3.44E+11 2.63E+10 2.78E+11 4.1E+11 7.7 

Assay 
#2 4.71E+11 4.09E+11 4.89E+11 4.56E+11 4.18E+10 3.52E+11 5.6E+11 9.2 

Assay 
#3 4.539E+11 3.41E+11 5.32+011 4.71E+11 1.1E+11 1.92E+11 7.5E+11 16.4 

Inter Assays 

 Mean SD Low 95%CI High 95% CI CV%  

 4.23E+11 6.95E+10 2.51E+11 5.97E+11 16.3    
Titer of the AAV8RSM was determined by GelGreen method. Three independent assays 

were conducted, with each assay being performed in triplicates.  CV, coefficient of variation; CI, 
confidence interval.  
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