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Abstract
The rapid development of biologics and vaccines in response to the current pandemic has highlighted the need for robust 
platform assays to characterize diverse biopharmaceuticals. A critical aspect of biopharmaceutical development is achieving 
a highly pure product, especially with respect to residual host cell material. Specifically, two important host cell impurities 
of focus within biopharmaceuticals are residual DNA and protein. In this work, a novel high-throughput host cell DNA 
quantitation assay was developed for rapid screening of complex vaccine drug substance samples. The developed assay 
utilizes the commercially available, fluorescent-sensitive Picogreen dye within a 96-well plate configuration to allow for a 
cost effective and rapid analysis. The assay was applied to in-process biopharmaceutical samples with known interferences 
to the dye, including RNA and protein. An enzymatic digestion pre-treatment was found to overcome these interferences and 
thus allow this method to be applied to wide-ranging, diverse analyses. In addition, the use of deoxycholate in the digestion 
treatment allowed for disruption of interactions in a given sample matrix in order to more accurately and selectively quantitate 
DNA. Critical analytical figures of merit for assay performance, such as precision and spike recovery, were evaluated and 
successfully demonstrated. This new analytical method can thus be successfully applied to both upstream and downstream 
process analysis for biologics and vaccines using an innovative and automated high-throughput approach.

Keywords High-throughput experimentation · Fluorescence · Vaccine development · Biological development · Process 
research and development · Automated assay development · DNA quantification · Protein interference · RNA interference · 
Enzymatic digestion

Introduction

Recent world crises, including the Ebola outbreak and 
COVID-19 pandemic, have brought to light the demand for 
accelerated timelines for the development of biologics and 
vaccines (1–4). In turn, analytical methodologies need to 
increase their throughput to meet these rapid timelines with-
out compromising data integrity. To accomplish this feat, 
the development of platform assays that can be applied in a 
modality agnostic manner is highly beneficial for the robust 
assessment of both biologics and vaccines.

The manufacture of biopharmaceuticals, including both 
biologics and vaccines, often requires the use of a cell 

substrate to efficiently produce the desired drug substance 
(5–7). The resulting drug substance must in turn be carefully 
scrutinized for the presence of process related impurities 
such as residual host cell protein and deoxyribonucleic acid 
(DNA) (8–10) to maintain the quality, safety, and efficacy of 
the product. In particular, residual host cell DNA is defined 
as the sum of DNA and fragments present in biological sam-
ples derived from recombinant host cells during expression 
(11). The World Health Organization and U.S. Food and 
Drug Administration have strict guidelines as to the accepy 
limits of both the concentration of host cell DNA (10 ng/
dose) and the size of the residual DNA (200 base pairs) in 
the final drug product (12, 13).

A variety of methodologies exist that can be applied for 
precise host cell DNA quantification. The most widely used 
technology is quantitative polymerase chain reaction (qPCR) 
(14–16). This approach uses highly specific DNA primers to 
detect the host cell DNA (17). For this reason, a number of 
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qPCR assays have been commercialized for popular cell sub-
strates, such as Escherichia coli, Pichia pastoris, Vero, and 
Chinese Hamster Ovary cells. Highly specific primers allow 
for minimal interference; however, depending on the com-
mercial assay being utilized, varying coverages may exist. 
Additionally, DNA extraction may be needed in complex 
matrices, adding to the time and complexity of the assay. 
While qPCR allows for a highly specific method, the early 
development of biopharmaceuticals would benefit from a 
platform method to be universal to all cell substrates, meas-
ure smaller DNA fragments, and rapidly assess samples.

In addition to qPCR, fluorescence-based probe meth-
ods are frequently used to quantify host cell DNA. These 
methods rely on a fluorogenic dye, like SYBR Green (18) or 
Picogreen (19), that has specific interactions with the DNA. 
Fluorescence-based methods are highly advantageous, as 
their application can be generally applied across all biop-
harmaceuticals, have lower associated costs than qPCR, and 
are easily transferrable (20). However, a variety of common 
pharmaceutically relevant process impurities and formula-
tion components, such as protein, RNA, and detergents (21, 
22), can interfere with DNA quantitation using these fluores-
cent dyes. Therefore, to enable a robust fluorescence-based 
method, a thorough evaluation of the potential interference 
effects and their subsequent removal needs to be performed.

In this work, the commercially available, fluorescent sen-
sitive Picogreen dye was selected as the basis for a quan-
titative, high-throughput host cell DNA assay. Picogreen 
is able to bind to double-stranded DNA through specific 
charge interactions (19). Picogreen has been applied in sev-
eral formats to successfully quantify host cell DNA (21, 23, 
24). However, these studies fail to overcome the common, 
pharmaceutically relevant interferences associated with non-
specific binding to the reagent, including protein, RNA, and 
detergents (21, 22). This renders the current methodologies 
incompatible with many prominent vaccines such as mRNA 
vaccines and others utilizing RNA-based viruses as they con-
tain high levels of RNA (2, 3, 25). Here, we assess the appli-
cation of our proposed fluorescence-based assay to measure 
residual DNA in complex live-virus vaccine (LVV) drug 
substance. This enveloped RNA virus contained significant 
concentrations of RNA encapsulated in a protein and lipid 
shell as well as process related impurities including extra-
cellular vesicles and large aggregates of host cell DNA and 
protein. Systems of a similar nature have been utilized in the 
development of vaccines targeting HIV, Chikungunya, West 
Nile Virus, and many other prominent pathogens (26–28). 
Interactions of the process related impurities in the drug 
substance were shown to have shielding effects, prevent-
ing access to the nucleotides within the drug substance. We 
herein demonstrate that these shielding-based interference 
effects can be overcome via addition of the detergent deoxy-
cholate (DOC). Additionally, DOC has a known virucidal 

effect on various viruses such as influenza, HIV-1 viruses, 
and Rauscher leukemia by causing partial or complete dis-
ruption of the virion lipid membrane (29–31). This is a 
critical function of DOC to disrupt the viral components as 
well. DOC addition was further optimized to overcome this 
interference most effectively. Next, we demonstrate success-
ful removal of RNA and protein interferences by enzymatic 
digestion with RNase A followed by Proteinase K addition. 
Finally, detailed evaluation and subsequent optimization of 
interferences of our proposed assay, resulting from addi-
tion of these reagents, was accomplished. To the best of our 
knowledge, this is the first report of a high-throughput, flu-
orescence-based analytical method utilizing the commercial 
Picogreen dye to quantitate host cell DNA in the presence of 
significant interferents commonly encountered within biop-
harmaceuticals, including RNA, protein, and detergents. Our 
proposed analytical method can thus be broadly applied to 
complex biopharmaceuticals with high specificity, precision, 
and accuracy for host cell DNA quantitation.

Materials and Methods

Reagents and Materials Components of the Quant-iT™ 
Picogreen™ dsDNA Assay Kit, including the Picogreen rea-
gent and 100 µg/mL λDNA standard stock (Thermo Fisher 
Scientific), were utilized. A calf thymus DNA (Sigma-
Aldrich) standard and ribosomal RNA standard — 16S and 
23S rRNA from E. coli (Thermo Fisher Scientific) — were 
diluted in phosphate-buffered saline (PBS) (Cytiva). Buff-
ering components such as PS-80 (Thermo Fisher Scien-
tific), Proteinase K (Thermo Fisher Scientific), Tris–EDTA 
100 × buffer (Sigma-Aldrich), and 5 M sodium chloride solu-
tion (Invitrogen) were also utilized. The process-related sam-
ples of a live-virus vaccine drug substance were obtained 
from our Vaccine Process Development colleagues.

Consumable materials equipped on the Freedom EVO 
200 Liquid Handling system (Tecan) include the following: 
180 µL MCA 96 filtered, sterile tips (Corning-Axygen), 
300 mL Nalgene Flat Bottom Reservoir (Thermo Fisher 
Scientific), Costar 96-well 2 mL polypropylene assay block 
(Thermo Fisher Scientific), 2 mL cryogenic vials (Nalgene), 
and Costar opaque 96-well microplates (Thermo Fisher Sci-
entific). Additionally, a reusable 1000 mL Reagent Trough 
(Tecan) was equipped on the deck.

DNA Quantitation Assay on an Automated Liquid Han‑
dler Our proposed analytical method is based on the com-
mercially available Picogreen Assay. In short, this is a 
fluorogenic technique that results in increased fluorescence 
of the Picogreen dye upon binding to DNA. A Freedom EVO 
200 Liquid Handling system (Tecan) was utilized to auto-
mate our proposed analytical method and applied throughout 
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all experiments described in this work. The liquid handling 
system is equipped with an 8-channel pipetting arm, a mul-
tichannel arm (96 channels), and a microtiter-plate gripping 
arm. The system also has an integrated Infinite F500 micro-
plate reader (Tecan). Microcide SQ (Hamilton) (3.05%) and 
1 N NaOH (Fisher) were used as solvents to clean the fixed 
tips on the 8-channel arm in between sample handling steps. 
Samples are prepared in a Costar 96-well 2-mL deep well 
polypropylene plate (Fisher Scientific). The following steps 
were performed by the Tecan workstation. First, a standard 
curve was prepared in duplicate from a 100-µg/mL λDNA 
standard stock (Thermo Fisher Scientific) by dilution with 
a diluent consisting of 10 mM Tris, 1 mM EDTA, 100 mM 
NaCl, 200 µg/mL Proteinase K, and 0.01% Polysorbate-80, 
pH 8.0. Concentrations of 1, 2.5, 5, 10, 25, 50, 100, 150, 
250, 400, and 500 ng/mL λDNA were prepared. Drug sub-
stance samples were diluted in 10 mM Tris, 1 mM EDTA, 
100 mM NaCl, 200 µg/mL Proteinase K, and 0.01% Poly-
sorbate-80, pH 8.0. Multiple sample dilutions were prepared 
to target the quantitative range of the assay, and drug sub-
stance samples were analyzed in triplicate. Standards and 
samples were both incubated for 10 min. A minimum dilu-
tion of 1:1 with 10 mM Tris, 1 mM EDTA, 100 mM NaCl, 
200 µg/mL Proteinase K, and 0.01% Polysorbate-80, pH 
8.0, was necessary to ensure proper digestion of residual 
protein within the samples via Proteinase K. Next, 100 µL 
of each prepared standard and sample was transferred to 
a Costar opaque 96-well plate (Fisher Scientific). An SBS 
reservoir containing Picogreen reagent (Thermo Fisher 
Scientific) diluted 1:200 in 10 mM Tris and 1 mM EDTA 
was placed on the automated liquid sample handler. To each 
standard and sample, 100 µL of the pre-diluted Picogreen 
reagent was added using the multichannel arm. The plate is 
then transferred using the robotic gripper arm to the Infi-
nite F500 plate reader (Tecan), and the fluorescence of each 
well is measured at an excitation of 485 nm and emission of 
535 nm. Ten exposures were performed per well and the gain 
is optimized based on the well with the highest intensity. The 
standard curve was generated by log–log linear regression of 
the mean of the given replicates. The DNA concentration of 
each sample was then interpolated from this standard curve.

Method to Overcome Interference Effects via Enzymatic Pre‑
treatment of Drug Substance Pre-treatment buffers were 
prepared containing 25 U of Benzonase (Millipore Sigma) 
and/or 0.4% DOC (Sigma-Aldrich) in PBS (Cytiva). Benzo-
nase was prepared in a solution of PBS containing 100 mM 
 MgCl2 (Sigma-Aldrich), as  Mg2+ is a necessary co-factor for 
Benzonase activity (32). The pretreatment of the drug sub-
stance was performed using the automated Freedom EVO 
200 Liquid Handling system (Tecan). The drug substance 
was then diluted 1:1 into the pre-treatment buffer within a 
96-well 2 mL deep well plate. For untreated samples, the 

drug substance was diluted 1:1 in PBS within the 96-well 
2 mL deep well plate. The samples were incubated at room 
temperature for 2 h. Samples were subsequently diluted 1:1 
with 10 mM Tris, 1 mM EDTA, 100 mM NaCl, 200 µg/
mL Proteinase K, and 0.01% Polysorbate-80, pH 8.0. 
The 96-well plate containing both Benzonase-treated and 
untreated samples was then transferred to the Liquid Han-
dler (Tecan) and the automated, high-throughput Picogreen 
Assay proceeded as described above. As needed, further 
dilution of the samples into the linear range of the assay 
was performed. Measurements of each sample were taken 
in triplicate, with the mean result reported.

Pre-treatment buffers were prepared containing 5 µg/mL 
RNase A (Invitrogen) and/or DOC (Sigma-Aldrich) at varied 
concentrations (0.0125 to 0.4%) in PBS (Cytiva). The drug 
substance was then diluted 1:1 into the pre-treatment buffer 
or diluted 1:1 in PBS for untreated samples in a 96-well 
2-mL deep well plate. The samples were incubated at room 
temperature for 2 h before being diluted 1:1 with 10 mM 
Tris, 1 mM EDTA, 100 mM NaCl, 200 µg/mL Proteinase 
K, and 0.01% Polysorbate-80, pH 8.0. The 96-well plate 
was then transferred to the Liquid Handler (Tecan), and the 
automated, high-throughout Picogreen Assay proceeded as 
described above.

Results and Discussions

Fully Automated, High‑Throughput Picogreen DNA Quan‑
titation Assay A fully automated Picogreen-based assay 
has been developed using the Tecan Evo Liquid Handling 
system to allow for high throughput preparation and analy-
sis of samples. In brief, an 11-point standard curve is gen-
erated in duplicate through serial dilution of a controlled 
DNA reference material from 1 to 500 ng/mL. Unknown 
samples are diluted into this linear range, in which multiple 
dilutions can be prepared of the same sample to ensure 
accuracy and precision of the resulting host cell DNA 
quantitation. After the designated dilution, the samples and 
standards are incubated with the assay diluent for 10 min to 
allow the Proteinase K, which is present in the diluent, to 
digest residual protein and remove this interferent (21). The 
samples and standards are transferred to an opaque, black 
96-well plate suitable for fluorescence measurements. The 
Quant-iT™ Picogreen® double stranded DNA reagent is 
added and mixed with both the samples and references 
through a controlled aspiration and dispense process. The 
plate is transferred to a plate reader directly connected to 
the liquid handler. For analysis, the plate is exposed to 
485 nm excitation, and the fluorescence emission is meas-
ured at 535 nm.
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A standard curve is generated for each independent analysis 
of our proposed platform Picogreen-based assay (Fig. 1). 
Specifically, duplicate measurements of the given standards 
are averaged, and the log of the mean result is reported as the 
y-axis of the calibration curve. The x-axis is the log of the 
prepared DNA concentration of the standards, ranging from 
1 to 500 ng/mL DNA. The lower limit of the reference curve 
is set by the limit of quantification. The acceptance crite-
ria set by the FDA and WHO guidance is to have less than 
10 ng/dose, making the 1 ng/mL detection limit reasonable. 
The upper limit of the reference curve was determined based 
upon the expected range of hcDNA concentrations observed 
through process development. Concentrations of hcDNA are 
not expected to exceed 5000 ng/mL, and with the ability of 
the automated system to dilute samples in the linear range, 
the upper limit of 500 ng/mL lends itself to realistic dilu-
tions. The resulting calibration curve (Fig. 1) demonstrates 
extremely high linearity, in which an R2 value of 0.99 is 
observed. Furthermore, the dynamic range of this method 
is observed to be high, in which the 11 total standards ana-
lyzed across 2.5 orders of magnitude of DNA concentration 
all shows high linearity. Given this method is able to assess 
both low and high concentrations of DNA (i.e., 1 to 500 ng/
mL DNA), the analysis of diverse biopharmaceuticals with 
wide-spanning DNA concentrations can be accomplished in 
a broad, straightforward manner. In order to be applicable as 
a platform methodology, the large range in the calibration 
curve and ability to prepare multiple dilutions through an 
automated approach is critical to the feasibility to implement 
appropriately.

Additional analytical figures of merit for analysis of 
DNA reference materials were elucidated (Table I). In 
brief, the percent relative standard deviation (%RSD) 

confirms the high immediate precision of the automated 
assay, in which values range from 0.6 to 6.3%. The aver-
age %RSD across all concentration ranges analyzed is 
2.6%, further highlighting the precision of the method. 
In addition, the percent error observed when correlating 
the expected DNA concentration of a given standard to 
that of the measured DNA concentration was also very 
low, with values ranging from 0.2 to 7%. Moreover, the 
average error across all concentration ranges analyzed 
is 3.9%, highlighting the low error observed for this 
method.

Fig. 1  Results from analysis of 
DNA reference material using 
the fluorescence-based ana-
lytical method. DNA standards 
were analyzed at concentrations 
of 1, 2.5, 5, 10, 25, 50, 100, 
150, 250, 400, and 500 ng/
mL in duplicate. The resulting 
standard curve displays the log 
of the average fluorescence sig-
nal of duplicate measurements 
of all prepared DNA reference 
materials

y = 0.985x + 1.7065
R² = 0.999
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Table I  Results of Quantitation of DNA Reference Standards for 
Evaluation of Analytical Method. Expected DNA Concentration (ng/
mL) Determined by Preparation of Reference Standard at Varying 
Concentrations. Measured DNA Concentration (mg/mL) Is the Mean 
Value of Duplicate Measurements. Statistical Analysis of Measured 
vs. Expected DNA Concentrations Are Provided as Relative Standard 
Deviation (RSD, %) and Error (%)

Expected DNA con-
centration (ng/mL)

Measured DNA con-
centration (ng/mL)

RSD (%) Error (%)

1.0 ×  100 1.0 ×  100 1.4 0.2
2.5 ×  100 2.4 ×  100 1.2 3.2
5.0 ×  100 5.2 ×  100 6.3 4.8
1.0 ×  101 9.6 ×  100 0.6 4.3
2.5 ×  101 2.3 ×  101 4.0 4.8
5.0 ×  101 5.2 ×  101 2.6 4.3
1.0 ×  102 1.1 ×  102 2.4 7.3
1.5 ×  102 1.6 ×  102 5.4 4.2
2.5 ×  102 2.5 ×  102 0.9 0.9
4.0 ×  102 3.9 ×  102 2.3 2.1
5.0 ×  102 4.7 ×  102 1.0 6.3
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Using this automated, high-throughput platform assay, 
drug substance samples can undergo multiple dilutions along 
the given linear range, a key aspect for reliable quantita-
tion. Moreover, using this fully automated platform, it is 
possible to quantify DNA in 384 samples in less than 4 h. 
With the basic analytical figures of merit now established 
for our proposed method, a detailed evaluation can now be 
performed to determine how process-related impurities in 
biopharmaceuticals may interfere with the assay and subse-
quent strategies to overcome these interferences.

Matrix Interactions Shield Host Cell DNA and RNA from 
Digestion Several common, pharmaceutically relevant 
species are known to interfere with Picogreen-based DNA 
quantitation, including protein, RNA, and detergents (21, 
22). In order to have a platform technology applicable to 
a wide range of biopharmaceuticals, a robust method for 
mitigating these interferences needed to be developed. As 
described here, Proteinase K is incorporated for digestion of 
protein, and thus, protein interference effects are overcome 
and accounted for. This work now focuses on understanding 
RNA and detergent interferences.

A complex LVV drug substance containing an envel-
oped RNA genome was selected for evaluation using the 
Picogreen DNA quantitation assay to assess methods for 
overcoming interferences. The sample had known complexi-
ties, such as high residual protein and genomic RNA. Due 
to the intricacies of the LVV drug substance, there was a 
high probability of interactions between components of the 
sample (i.e., host cell proteins, vesicles, process impurities) 
with the host cell DNA and genomic RNA. Such interactions 

with DNA could lead to a shielding effect — a prevention of 
the dye reaching the DNA (33) — that would result in inac-
curate quantitation, as the Picogreen dye would be unable to 
interact appropriately with the host cell DNA (19). Addition-
ally, sample matrix interactions with RNA may make it more 
difficult to remove this interference (34).

To investigate the potential shielding effects of the sam-
ple matrix, an evaluation was first done to determine the 
accessibility of the host cell DNA and genomic RNA by 
digestion via Benzonase (35, 36). Benzonase is an endo-
nuclease that is commonly used in purification processes 
to remove residual DNA and RNA by digestion into small 
nucleotides (37–39). As the Picogreen Assay signal is a 
result of the presence of DNA and RNA interference, the 
addition of Benzonase should result in a very large decrease 
in the observed DNA concentration. If a large decrease in 
signal is not observed, this would be indicative that Benzo-
nase activity is being decreased. Our hypothesis is that if 
signal does not largely decrease, it is because Benzonase is 
unable to access the DNA and RNA. Interactions the nucleic 
acids have with matrix interferants could be inadvertently 
blocking it from interacting with Benzonase. Benzonase has 
very robust activity and is widely used in the pharmaceuti-
cal industry; activity would not be compromised by the pH, 
ionic strength, or temperature of this system (32).

Analysis of the drug substance was performed in tripli-
cate using this Picogreen-based assay. The resulting DNA 
concentration was 2720 ± 82 ng/mL (Fig. 2). A pre-treatment 
with 25 U of Benzonase was applied to the same sample, and 
the resulting concentration was 1460 ± 97 ng/mL, a decrease 
of only 48%. The decrease in concentration was substan-
tially less than expected, indicating that the DNA and RNA 

Fig. 2  Benzonase treatments 
reveal inaccessibility of DNA/
RNA in matrix. The LVV drug 
substance was treated with 25U 
of Benzonase which resulted in 
only a 48% decrease in apparent 
DNA concentration. In order to 
disrupt the sample matrix inter-
actions and viral components, a 
pre-treatment with 0.4% deoxy-
cholate (DOC) was applied. In 
pre-treatments containing 0.4% 
DOC, Benzonase digestion now 
led to a 90% decrease in DNA 
and RNA content. Reported 
values are the mean of triplicate 
measures and the standard 
deviation is represented by error 
bars
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in the system were shielded from digestion by Benzonase. 
To disrupt potential interactions, overcome shielding, and 
allow the enveloped nucleic acids to be more susceptible 
to digestion, DOC was selected as a pre-treatment for the 
drug substance because of its ability to break up interactions 
and viral envelopes (31). DOC has demonstrated success in 
disrupting lipids, improving the accessibility of hydrophobic 
proteins to digestion, as well as increasing the activity of the 
protease trypsin (40, 41). Applying a pre-treatment buffer 
containing DOC therefore could disrupt shielding interac-
tions and increase the activity of Benzonase and Proteinase 
K in the diluent as well.

The addition of 0.4% DOC to the drug substance was 
evaluated in the Picogreen-based method. The result-
ing apparent DNA concentration was 3460 ± 185 ng/mL 
(Fig. 2). An increase of the apparent DNA concentration 
was observed, indicating that a portion of the nucleotides 
was previously being shielded from interacting with the 
Picogreen reagent. The drug substance was then pre-treated 
with a solution containing 25 U of Benzonase and 0.4% 
DOC, and the resulting apparent DNA concentration was 
323 ± 9 ng/mL. This 90% decrease indicates that DOC was 
largely successful in breaking up matrix interactions and 
viral components to make the DNA and RNA more acces-
sible and increasing the Benzonase activity. The positive 
shift of the DOC is also reflected in this measurement, as 
the resulting measurement is non-zero, and as such, a matrix 
matching of all reagents can further assist in platform, robust 
analysis. These results confirm that the biopharmaceutical 
drug substance benefits from the presence of a surfactant, 
such as DOC, to break up matrix interactions and fully 
expose DNA and process impurities.

RNase A Selectively Removes RNA Interferences The addi-
tion of deoxycholate to the LVV drug substance allowed for 

full accessibility of the host cell DNA and genomic RNA 
in the sample matrix for subsequent Benzonase digestion. 
To quantify solely the host cell DNA, next RNA needed to 
be selectively removed (21, 22), and given the success of 
the Benzonase treatments, an enzymatic digestion was per-
formed. Enzymatic pre-treatments have the benefit of high 
specificity to their substrate as well as low costs (42). Addi-
tionally, all enzymes added as a pre-treatment will eventu-
ally themselves be digested by Proteinase K in the designed 
platform assay, removing any potential interference they may 
cause. RNase A was selected as the most specific means to 
digest RNA in the sample (43).

Several controls were evaluated to ensure RNA could be 
removed as an interferant and allow for selective quantitation 
of DNA in the Picogreen-based assay (Table II). A control 
of calf thymus DNA was quantified using the Picogreen-
based assay, and the resulting mean DNA concentration of 
triplicate measurements was 89 ± 4 ng/mL. A control of 
500 ng of RNA resulted in a measurement of 459 ± 26 ng/
mL, and the large positive shift was noted, confirming RNA 
is a strong interferant. The linearity of the RNA response 
was not explored, as the intention was to only determine 
the signal interference and not quantify RNA in this assay. 
The DNA control was then treated with 5 µg/mL of RNase 
A. The resulting DNA quantification was 88 ± 3 ng/mL, a 
recovery of 99% of the control DNA. As we observed full 
recovery of the control DNA, this serves as confirmation 
that RNase A at this concentration will not non-specifically 
digest DNA, a challenge that has been noted in the literature 
at high concentrations of RNase A (44). In addition, the 
negligible differences between the DNA control with and 
without the presence of RNase A further confirm RNase 
A is not itself causing any interference, as the Proteinase 
K in the assay diluent is able to eliminate all potential pro-
tein interference. When evaluating 500 ng of RNA in the 

Table II  RNase A Selectively Degrades RNA and Is Unaffected by 
DOC. A Control Study Was Evaluated to Determine the Specificity 
of the Picogreen-Based DNA Quantitation Assay After Pre-treatment 
with RNase A. A Control of DNA Was Evaluated with and without 

the Presence of RNA. RNA Led to a Large Interference That Was 
Removed in Conditions with RNase A. RNase A Remained Effective 
in the Presence of DOC. Reported Values Are the Mean of Triplicate 
Values Unless Otherwise Indicated

*Further dilutions resulted in quantitation below LOD; one replicate performed

Sample description Mean DNA concentration  
(ng/ml)

Standard deviation  
(ng/mL)

Recovery of 
DNA (%)

DNA control 89 4 100
500 ng RNA 459 26 -
0.4% DOC 23 N/A* -
DNA; 5 µg/mL RNase A 88 3 99
500 ng RNA; 5 µg/mL RNase A 3.8 N/A* -
DNA; 500 ng RNA; 5 µg/mL RNase A 97 6 109
DNA; 500 ng RNA; 0.4% DOC 516 16 580
DNA; 500 ng RNA; 5 µg/mL RNase A; 0.4% DOC 101 4 113
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presence of RNase A, robust digestion of the RNA is noted, 
with signals nearing the limit of quantitation. A baseline 
of the total interferences proposed to arise in the system 
was evaluated by measuring the DNA concentration of the 
control DNA, 500 ng RNA, and 0.4% DOC. The resulting 
DNA quantification was determined to be 516 ± 16 ng/mL. 
The percent recovery of the control DNA was 580%, indicat-
ing the severity of the interferences from RNA and DOC. 
Next, a control containing DNA and RNA with an RNase A 
pre-treatment was evaluated. The resulting DNA concentra-
tion was determined to be 97 ± 6 ng/mL, a percent recover 
of 109%, suggesting that the RNA interference was greatly 
diminished, but the RNA was not fully digested. Lastly, the 
ability for RNase A to function in the presence of DOC was 
evaluated, as DOC is a critical component of our proposed 
method’s pre-treatment process for complex biological sam-
ples. The control confirms that RNase A is still active in the 
presence of DOC as the resulting DNA concentration was 
determined to be 101 ± 4 ng/mL DNA, a recovery of 113% 
of the control DNA.

With established controls in place, a sample of the same 
LVV drug substance used in the previous studies described 
herein (Fig. 2) was applied again to the Picogreen-based 
platform assay. The resulting DNA concentration, reported 
as the mean of three replicates, was 2650 ± 56  ng/mL 
(Table III). The resulting DNA quantification confirms the 
high precision of the assay with a %RSD of 2% across the 
two replicate runs. The sample was again subjected to pre-
treatment with 0.4% DOC, resulting in a DNA concentration 
of 3130 ± 185 ng/mL. The increase of 18% in DNA concen-
tration again suggesting that the host cell DNA is now fully 
exposed. An increase of this magnitude is well above the 
observed variability of the assay and is thus considered sig-
nificant. A concentration of 5 µg/mL of RNase A was incor-
porated into a pre-treatment with the drug substance, and a 
significant decrease in DNA concentration was noted to a 
value of 848 ± 49 ng/mL. This finding suggests that RNA 
was indeed causing interference and RNase A is success-
fully able to overcome this interference. Finally, the sample 
was pre-treated with a mixture of 0.4% DOC and 5 µg/mL 

RNase A. The pre-treatment was successful in digesting a 
larger portion of RNA, thus indicating that a portion of RNA 
was inaccessible to RNase A. This also suggests that the 
concentration of DOC selected was sufficient for disrupting 
the viral components as previous precent indicating that only 
500 µg/mL was necessary to disrupt influenza-A virus (31). 
The final DNA concentration was reported as 535 ± 20 ng/
mL, a decrease of 80% of the initial untreated condition. In 
order to fully elaborate on the criticality of DOC in provid-
ing the most accurate result, a t-test was performed compar-
ing the resulting DNA concentration for “drug substance; 
5 µg/mL RNase A” and “drug substance; 0.4% deoxycholate; 
5 µg/mL RNase A.” The resulting p value was 0.001, well 
below 0.05, indicating the statistical significance of DOC 
in increasing the efficiency of RNase A in our treatments. 
Through a combination of disrupting matrix interactions and 
digesting RNA interferences, the Picogreen-based platform 
method is now applicable to complex biological samples. 
The studies presented in this work demonstrate that RNase 
A selectively removes RNA as an interferant in complex bio-
logical samples and that DOC continues to provide a means 
of disrupting matrix interactions.

Deoxycholate Optimization Achieves Disruption of Interac‑
tions in the Matrix and Viral Components While Maintain‑
ing the Lowest Possible Concentration to be Amenable to 
Liquid Handling DOC was found to be a critical reagent 
in disrupting interactions within a complex biopharmaceu-
tical sample. However, DOC was also found to produce a 
small positive shift in the assay (Table II). An evaluation 
of potential DOC concentrations was conducted to identify 
the lowest DOC concentration that still provides matrix dis-
ruptions, to decrease any potential effects of the observed 
DOC-based positive shift. The host cell DNA was quantified 
in the LVV drug substance against concentrations of DOC 
ranging from 0.4 to 0.0125% with 5 µg/mL of RNase A also 
present (Fig. 3). The critical micelle concentration (CMC) 
of DOC varies from 2 to 6 mM (0.08 to 0.25% w/v) depend-
ing on the ionic strength of the solution; therefore, the full 
range of the CMC was evaluated as well as points above and 
below the range.

Table III  RNase A Treatment Removes RNA Interference. The Func-
tion of RNase A in the Complex LVV Drug Substance Sample Matrix 
Was Evaluated. RNase A Digestion Led to a Decrease in the Interfer-

ence of RNA and the Addition of Deoxycholate Enhanced the RNA 
Digestion. The Reported Mean DNA Concentration Is the Result of 
Triplicate Measurements

Sample description Mean DNA concentration (ng/mL) Standard deviation (ng/mL) Comparison to 
untreated (%)

Untreated drug substance 2650 56 100
Drug substance; 0.4% deoxycholate 3130 185 118
Drug substance; 5 µg/mL RNase A 848 49 31
Drug substance; 0.4% deoxycholate; 5 µg/mL RNase A 554 20 20
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At lower concentrations of DOC, a positive shift in the 
apparent DNA concentration was noted. Our findings sug-
gest that at low concentrations of DOC, full disruption of 
the matrix interactions does not occur. The genomic RNA 
is not fully exposed to digestion and is likely leading to the 
increased apparent DNA concentration. As the concentra-
tion of DOC increases, the apparent DNA quantification 
decreases again indicating that a minimal level of DOC is 
required to fully expose interferent RNA. A plateau of the 
DNA concentration readout begins occurring from 0.1 to 
0.4% DOC, until there is an observed percent difference 
of 1.2% between DOC concentrations of 0.2 and 0.4%. As 
the expected CMC concentration has a maximum value of 
0.25%, the combination of the small percent difference and 
this known value drew the conclusion that we had accom-
plished reaching the CMC. As such, further increases to 
the DOC concentration would provide no benefit or further 
disruption to the matrix and virus components.

Selecting the lowest DOC concentration is advanta-
geous to minimize interference and be more amenable to 
the automated instrumentation, so 0.2% DOC was deter-
mined to be the optimal concentration. The final selected 
concentration of DOC was also at the high end of the 
proposed concentration to achieve CMC. This allows the 
flexibility in this platform method to assess a range of 
ionic strengths in the sample buffers. For samples with 
extraordinarily high ionic strengths like the elution from 
ion exchange chromatography, the samples can be greatly 
diluted and still fall within the linear range of the tech-
nique to ensure varying ionic strengths do not interfere 
with the function of DOC.

The final optimal conditions for pre-treatment of the drug 
substance were selected as 0.2% DOC and 5 µg/L RNase A. 

In order to fully account for all matrix interferences of the 
pre-treatment buffer, equal proportions of DOC and RNase 
A were added to the DNA standard and assay diluent in 
the Picogreen-based platform method. A summary of the 
entirety of the proposed analytical method, including pre-
treatment, dilution, and analysis, is displayed (Fig. 4).

The final optimized method, including pre-treatments 
and matrix-matched reagents, was applied to an upstream, 
complex sample of the biopharmaceutical drug sub-
stance for a final evaluation with a spiking recovery study 
(Table IV). The sample was specifically chosen as a rigor-
ous test for the proposed method, in which the upstream, 
complex biopharmaceutical sample represents a historically 
difficult-to-analyze scenario. A successful recovery was 
noted ranging from 78 to 83% in various spiking amounts. 
These values align well with reported spike recoveries for 
host cell DNA in live-attenuated vaccines drug substance, 
which are far less complex matrices. Reported values for 
rabies, dengue, and inactivated poliovirus vaccine have 
spike recoveries that range from 77 to 128% using a highly 
specific qPCR methodology (9). This demonstrates both 
the precision and the robustness of this assay to be applied 
to not only purified drug substance, but also in-process, 
unpurified, or upstream samples — enabling rapid process 
and formulation development efforts across biologic and 
vaccine production. Furthermore, all samples, from early-
stage purification through to the final drug substance, dem-
onstrated improved accuracy, specificity, and precision 
of the reported DNA concentration after the applied pre-
treatment method outlined herein was adopted. This method 
thus provides a direct means of quantifying host cell DNA 
in complex biopharmaceutical in a straightforward, high-
throughput manner.

Fig. 3  Optimization of deoxy-
cholate (DOC) concentrations 
in pre-treatment conditions. 
Varied concentrations of DOC 
were evaluated for their ability 
to disrupt interactions within 
the LVV drug substance matrix 
and allow for interferences, such 
as RNA, to be fully exposed 
to digestion via RNase A. The 
selected concentrations range 
from 0.0125 to 0.4%. The low-
est apparent DNA concentra-
tion was noted at 0.2% DOC. 
Reported values are the mean 
of triplicate measures and the 
standard deviation is repre-
sented by error bars
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Conclusions

A novel method was developed to provide an efficient, high-
throughput assay for host cell DNA quantitation in com-
plex biopharmaceuticals. This work was able to overcome 
common, pharmaceutically relevant interferences, such as 
protein, RNA, and detergent, with a Picogreen fluorescence-
based approach. RNA was determined to be an interferent 
that produced a large positive increase in the apparent DNA 
concentration. Through a strategically designed method, 
RNase A was able to digest the RNA and then itself be 
digested by Proteinase K to remove residual protein inter-
ferences. Additionally, deoxycholate (DOC) was shown to 
have a profound effect on disrupting matrix interactions and 
allowing for full removal of the RNA interference through 
disruption of the viral components. Matrix-matching efforts 
in the reference material and assay diluent allow for the 

interference of this detergent to be easily overcome, as well. 
This robust design allows for rapid analysis of diverse, com-
plex samples to accelerate process development of biophar-
maceuticals. This methodology is the first, fluorescence-
based host cell DNA quantification that is appliable to 
vaccines with high concentrations of RNA like the mRNA 
vaccines as well as biologics and vaccines from all cell 
substrates. In a time of accelerated needs for the develop-
ment of biologics and vaccines, the method outlined herein 
is readily automated and can help accelerate research and 
development efforts with low costs and high output.
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Fig. 4  Summary of the proposed analytical method, including pre-
treatment, dilution, and Picogreen-based analysis, in which elimina-
tion of common biopharmaceutical interferences was accomplished. 
During the first phase of the method, the samples are pre-treated with 
RNase A and deoxycholate (DOC). This eliminates RNA contami-
nants and minimizes interactions within the sample. In the second 

phase, the samples are diluted into the linear range of the assay. The 
dilution buffer contains Proteinase K to eliminate the RNase A and 
any residual host cell proteins. Finally, in the last phase, DNA is the 
only species left to interact with the Picogreen dye. Background fluo-
rescence of DOC is eliminated by keeping its concentration constant 
in all buffers, reagents, and reference material

Table IV  Results of Spike Recovery Studies Using Upstream LVV 
Sample. The DNA Spike Solution Had a Concentration of 30 ng/mL 
and the Drug Substance Sample Used Had an Initial Concentration 
of 58  ng/mL. Measured DNA Concentration (mg/mL) Is the Mean 

Value of Triplicate Measurements, and the Expected DNA Concen-
tration Is Based Upon the Concentration of the Amount of Spiking 
Solution Used

Sample description Expected DNA concentration (ng/mL) Measured DNA concentration (ng/mL) Spike 
recovery 
(%)

Low DNA spike in sample 87 69 80
Medium DNA spike in sample 132 103 78
High DNA spike in sample 207 173 83

Page 9 of 11 10



The AAPS Journal (2023) 25:10

1 3

Author Contribution Mackenzie L. Lauro: conceptualization, investiga-
tion, methodology, formal analysis, data curation, visualization, writ-
ing, supervision. Amy M. Bowman: methodology, investigation, data 
curation, writing. Joseph P. Smith: methodology, investigation, writing, 
visualization. Susannah N. Gaye: investigation, data curation, writing. 
Jillian Acevedo-Skrip: investigation, data curation, writing. Pete A. 
Phillips: methodology, supervision. John W. Loughney: methodology, 
supervision.

Declarations 

Conflict of Interest The authors declare no competing interests.

References

 1. Taylor PC, et al. Neutralizing monoclonal antibodies for treatment 
of COVID-19. Nat Rev Immunol. 2021;21(6):382–93.

 2. Polack FP, et al. Safety and efficacy of the BNT162b2 mRNA 
Covid-19 vaccine. N Engl J Med. 2020;383(27):2603–15.

 3. Baden LR, eet al. Efficacy and safety of the mRNA-1273 SARS-
CoV-2 vaccine. N Engl J Med. 2021;384(5):403–16.

 4. Henao-Restrepo AM, et al. Efficacy and effectiveness of an rVSV-
vectored vaccine expressing Ebola surface glycoprotein: interim 
results from the Guinea ring vaccination cluster-randomised trial. 
Lancet. 2015;386(9996):857–66.

 5. Acceptability of cell substrates for production of biologicals. Who 
Technical Report Series, 1987(747): p. 5–29.

 6. Aubrit F, et al. Cell substrates for the production of viral vaccines. 
Vaccine. 2015;33(44):5905–12.

 7. Knezevic I, et al. Evaluation of cell substrates for the produc-
tion of biologicals: revision of WHO recommendations Report 
of the WHO Study Group on Cell Substrates for the Production 
of Biologicals, 22–23 April 2009, Bethesda, USA. Biologicals. 
2010;38(1):162–9.

 8. Rathore AS, et al. Analysis for residual host cell proteins and 
DNA in process streams of a recombinant protein product 
expressed in Escherichia coli cells. J Pharm Biomed Anal. 
2003;32(6):1199–211.

 9. Vernay O, et al. Comparative analysis of the performance of resid-
ual host cell DNA assays for viral vaccines produced in Vero cells. 
J Virol Methods. 2019;268:9–16.

 10. Bracewell DG, Francis R, Smales CM. The future of host cell 
protein (HCP) identification during process development and 
manufacturing linked to a risk-based management for their con-
trol. Biotechnol Bioeng. 2015;112(9):1727–37.

 11. Wang X, et al. Residual DNA analysis in biologics development: 
review of measurement and quantitation technologies and future 
directions. Biotechnol Bioeng. 2012;109(2):307–17.

 12. Grachev V et al. WHO requirements for the use of animal cells as 
in vitro substrates for the production of biologicals - (requirements 
for biological substances no. 50) (Reprinted from WHO Technical 
Report Series, No. 878, 1998). Biologicals, 1998. 26(3): p. 175–193.

 13. FDA, Food and Drug Administration. Center for biologics evalu-
ation and research. Guidance for industry: “Characterization and 
qualification of cell substrates and other biological materials used 
in the production of viral vaccines for infectious disease indica-
tions.” US Food and Drug Administration, Bethesda, MD.  2010.

 14. Hu B, et al. Optimization and validation of DNA extraction and 
real-time PCR assay for the quantitative measurement of residual 
host cell DNA in biopharmaceutical products. J Pharm Biomed 
Anal. 2014;88:92–5.

 15. Hussain M. A direct qPCR method for residual DNA quantifi-
cation in monoclonal antibody drugs produced in CHO cells. J 
Pharm Biomed Anal. 2015;115:603–6.

 16. Andre M, et al. Universal real-time PCR assay for quantitation 
and size evaluation of residual cell DNA in human viral vaccines. 
Biologicals. 2016;44(3):139–49.

 17. Kralik P, Ricchi M. A basic guide to real time PCR in microbial 
diagnostics: definitions, parameters, and everything. Front Micro-
biol. 2017;8:108.

 18. Dragan AI, et al. SYBR Green I: fluorescence properties and inter-
action with DNA. J Fluoresc. 2012;22(4):1189–99.

 19. Dragan AI, et al. Characterization of PicoGreen interaction with 
dsDNA and the origin of its fluorescence enhancement upon bind-
ing. Biophys J. 2010;99(9):3010–9.

 20. Fornasier F, et al. A simplified rapid, low-cost and versatile 
DNA-based assessment of soil microbial biomass. Ecol Ind. 
2014;45:75–82.

 21. Ikeda Y, Iwakiri S, Yoshimori T. Development and characteriza-
tion of a novel host cell DNA assay using ultra-sensitive fluo-
rescent nucleic acid stain “PicoGreen.” J Pharm Biomed Anal. 
2009;49(4):997–1002.

 22. Singer VL, et al. Characterization of PicoGreen reagent and devel-
opment of a fluorescence-based solution assay for double-stranded 
DNA quantitation. Anal Biochem. 1997;249(2):228–38.

 23. Anantanawat K, et al. High-throughput Quant-iT PicoGreen 
assay using an automated liquid handling system. Biotechniques. 
2019;66(6):290–4.

 24. Ahn SJ, Costa J, Emanuel JR. PicoGreen quantitation of DNA: 
effective evaluation of samples pre- or post-PCR. Nucleic Acids 
Res. 1996;24(13):2623–5.

 25. Gould PS, Easton AJ, Dimmock NJ. Live attenuated influenza 
vaccine contains substantial and unexpected amounts of defective 
viral genomic RNA. Viruses-Basel, 2017. 9(10).

 26. Lorin C, et al. A paediatric vaccination vector based on live atten-
uated measles vaccine. Therapie. 2005;60(3):227–33.

 27. Brandler S, et al. A recombinant measles vaccine expressing chi-
kungunya virus-like particles is strongly immunogenic and pro-
tects mice from lethal challenge with chikungunya virus. Vaccine. 
2013;31(36):3718–25.

 28. Despres P, et al. Live measles vaccine expressing the secreted 
form of the West Nile virus envelope glycoprotein protects against 
West Nile virus encephalitis. J Infect Dis. 2005;191(2):207–14.

 29. Helenius A, et al. Solubilization of semliki forest virus mem-
brane with sodium deoxycholate. Biochem Biophys Acta. 
1976;436(2):319–34.

 30. Girard M, et al. Reversed-phase LC assay-method for deoxycholate 
in influenza vaccine. J Pharm Biomed Anal. 1994;12(6):833–7.

 31. Oxford JS, et al. Sodium deoxycholate exerts a direct destructive 
effect on HIV and influenza-viruses in-vitro and inhibits retro-
virus-induced pathology in an animal-model. Antiviral Chem 
Chemother. 1994;5(3):176–81.

 32. Moreno JM, et al. Contribution to the study of the enzymatic-
activity of benzonase. J Mol Catal. 1991;69(3):419–27.

 33. Rejman J, et al. Characterization and transfection properties of 
lipoplexes stabilized with novel exchangeable polyethylene glycol-
lipid conjugates. BBA-Biomembranes. 2004;1660(1–2):41–52.

 34. Kang J, Lee MS, Gorenstein DG. Application of RNase in the purifi-
cation of RNA-binding proteins. Anal Biochem. 2007;365(1):147–8.

 35. Amar Y et al. Pre-digest of unprotected DNA by Benzonase 
improves the representation of living skin bacteria and efficiently 
depletes host DNA. Microbiome, 2021. 9(1).

 36. Oristo S, Lee HJ, Maunula L. Performance of pre-RT-qPCR treat-
ments to discriminate infectious human rotaviruses and norovi-
ruses from heat-inactivated viruses: applications of PMA/PMAxx, 
benzonase and RNase. J Appl Microbiol. 2018;124(4):1008–16.

 Page 10 of 1110



The AAPS Journal (2023) 25:10

1 3

 37. Liao Q, et al. Investigation of enzymatic behavior of benzonase/
alkaline phosphatase in the digestion of oligonucleotides and 
DNA by ESI-LC/MS. Anal Chem. 2007;79(5):1907–17.

 38. Wolff MW, Reichl U. Downstream processing of cell culture-
derived virus particles. Expert Rev Vaccines. 2011;10(10):1451–75.

 39. Kawka K et al. Integrated development of enzymatic DNA diges-
tion and membrane chromatography processes for the purification 
of therapeutic adenoviruses. Separation and Purification Technol-
ogy, 2021. 254.

 40. Masuda T, Tomita M, Ishihama Y. Phase transfer surfactant-aided 
trypsin digestion for membrane proteome analysis. J Proteome 
Res. 2008;7(2):731–40.

 41. Lichtenberg D, Ahyayauch H, Goni FM. The mechanism of deter-
gent solubilization of lipid bilayers. Biophys J. 2013;105(2):289–99.

 42. Robinson PK. Enzymes: principles and biotechnological applica-
tions. In: Understanding Biochemistry: enzymes and membranes. 
2015. p. 1–41.

 43. Sheppard EC et al. A universal fluorescence-based toolkit for real-
time quantification of DNA and RNA nuclease activity. Sci Rep. 
2019;9(1):8853.

 44. Dona F, Houseley J. Unexpected DNA loss mediated by the DNA 
binding activity of ribonuclease A. Plos One. 2014;9(12):e115008

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds 
exclusive rights to this article under a publishing agreement with the 
author(s) or other rightsholder(s); author self-archiving of the accepted 
manuscript version of this article is solely governed by the terms of 
such publishing agreement and applicable law.

Page 11 of 11 10


	Overcoming Biopharmaceutical Interferents for Quantitation of Host Cell DNA Using an Automated, High-Throughput Methodology
	Abstract
	Introduction
	Materials and Methods
	Results and Discussions
	Conclusions
	Acknowledgements 
	References


