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Adenovirus shows significant promise as a vehicle for transfer of therapeutic genes
into humans. Based on the importance of this viral vector, it is critical that adequate
decontamination procedures are implemented during its large-scale production in
multiproduct manufacturing facilities to prevent cross-product contamination and to
reduce the risk of personnel exposure. Liquid decontamination procedures based on
caustics are easily implemented in a manufacturing setting and are not corrosive to
stainless steel surfaces at the concentrations found to inactivate viral proteins and
nucleic acids. In this study, we have conducted small-scale experiments to determine
the effectiveness of caustic inactivation procedures on adenovirus type 5 and have
evaluated the robustness of the process to different sample matrices and adenovirus
constructs. We find that the pH of a sample post-addition of caustic solution is a more
accurate indicator of the effectiveness of the caustic than its concentration. We have
demonstrated that a greater than 6 log reduction in the potency of adenovirus type 5
may be obtained upon exposure of the sample to sodium hydroxide and CIP-100 at
concentrations greater than 0.09 M and 0.9%, respectively, at times greater than 10
min.

Introduction

Adenovirus vectors provide an effective method for
gene delivery in vivo and are currently being explored
for use in gene therapy and vaccine applications in a
number of recent studies (Limbach and Paoletti, 1996;
Zhang, 1999). As a result of their high commercial
potential, large manufacturing facilities are being de-
signed for their production. With the rising cost of
operating a biological manufacturing facility and an
increase in the number of multivalent products, there is
a trend in the industry to design multiproduct manufac-
turing facilities. To prevent cross-product contamination
during the manufacture of biopharmaceuticals in such
settings, regulatory agencies have emphasized the imple-
mentation and validation of stringent decontamination
procedures (Sofer, 1995). The safety of personnel working
in such manufacturing facilities is also an important
consideration owing to the immunogenic potential of live
adenovirus constructs (Jooss and Chirmule, 2003; Luff,
1992; Sofer, 2003).

To design viral inactivation procedures that can be
implemented during large-scale production, small-scale
studies must first be performed to demonstrate their
effectiveness. Caustic solutions have previously been
recommended for reducing the infectivity of viruses and
other pathogenic organisms (Borovec et al., 1998; Boschet-
ti et al., 2003; Derbyshire and Arkell, 1971; Lancz, 1976;
Ye et al., 2003). Boschetti et al. showed 4.7 log reduction
of Minute Virus of Mice after 1 min of exposure to 0.1 M
sodium hydroxide. Previous studies have shown that
sodium hydroxide at 60 °C resulted in approximately a

5 log reduction in human hepatitis A virus infectivity
after 16 min of treatment (Borovec et al., 1998). Ad-
ditionally, literature indicates that a 3-5 log reduction
in adenovirus type 3 infectivity is obtained following
treatment with calcium hydroxide over a period of many
hours at room temperature (Derbyshire and Brown,
1979). The ability of caustic solutions to degrade proteins
and nucleic acids, the two primary constituents of
viruses, is also well documented (Crathorn and Shooter,
1982; Gulich et al., 2002; Shooter, 1976). There is limited
published literature on the effect of caustics on adenovi-
rus and their kinetics of inactivation. We have investi-
gated inactivation of adenovirus type 5 with potassium
hydroxide, sodium hydroxide, and CIP-100. CIP-100 is
an alkaline cleaning agent commonly employed in clean-
in-place systems within biopharmaceutical manufactur-
ing facilities and is composed of potassium hydroxide,
surfactants, and chelating agents. The potential for using
CIP-100 to both clean and decontaminate process equip-
ment in a single step motivated us to explore this
particular caustic agent. A PCR-based infectivity assay
was used to measure the initial inactivation kinetics of
a highly concentrated adenovirus sample as previously
reported (Maheshwari et al., 2004). The extent of caustic
inactivation of adenovirus at optimal conditions was then
confirmed using a cytotoxicity-based end-point assay. We
found that the effectiveness of potassium hydroxide,
sodium hydroxide, or CIP-100 is a function of the final
pH of the sample and that the degree of inactivation at
optimal conditions is independent of the adenovirus
construct used or the matrix content of the adenovirus
sample. We also observed a greater than 6 log reduction
in adenovirus infectivity at NaOH and CIP-100 concen-
trations greater than 0.09 M and 0.9%, respectively, at
times greater than 10 min as opposed to previously
published results of a 3-5 log reduction following hours
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of exposure of a caustic at room temperature (Derbyshire
and Brown, 1979).

Materials and Methods
Quantitative PCR-Based Potency Assay. One of

the assays used to measure adenovirus infectivity was a
quantitative PCR-based assay as previously reported
(Lewis et al., 2001; Maheshwari et al., 2004). Briefly, 293
cells were cultured in 96-well tissue culture plates
(Falcon, Bedford, MA) at a density of 6.25 × 104 cells/
cm2 using MEM-R medium supplemented with 5% FBS,
penicillin (100 units/mL), and streptomycin (100 µg/mL).
Cells were maintained in 96-well plates at 37 °C with
5% CO2 in a humidified incubator for 24 h prior to
infection. Each sample was then infected by dispensing
virus at the appropriate dilution into four replicate wells.
Following infection, cells were incubated at 37 °C and
5% CO2 in a humidified incubator for 48 h. Total DNA
was harvested and purified using the QIAmp DNA Blood
Kit (Qiagen, Valencia, CA) according to the manufactur-
er’s protocol. After two wash steps, the nucleic acid was
eluted from the membrane into a buffer. Viral DNA was
amplified using quantitative PCR with adenovirus-
specific primers and probes (Applied Biosystems, Foster
City, CA). PCR reactions were carried out in an ABI
Prism 7700 (Applied Biosystems), and raw data was
collected using Sequence Detector 1.6.3 software. The
potency of each sample was then read off a semilogarith-
mic standard curve using purified adenovirus type 5 of
known potency. To evaluate the variability of the Q-PCR-
based potency assay, the root variability of the assay was
calculated using the natural log transformed values of
the reported titer of a single untreated adenovirus sample
that had been run in over 50 independent assays. Using
these data, the root variability of the assay was deter-
mined to be approximately 18% (data not shown). The
95% confidence interval for the titration of this untreated
sample was found to be (40%.

Endpoint Dilution Assay. A cytotoxicity-based end-
point dilution assay was used as a more sensitive
measurement of virus infectivity. Briefly, 293 cells were
cultured in 96-well tissue culture plates at a density of
3.13 × 104 cells/cm2 using MEM-R medium supplemented
with 10% FBS, penicillin (100 units/mL), and strepto-
mycin (100 µg/mL). Cells were maintained in 96-well
plates in a humidified incubator at 37 °C with 5% CO2
for approximately 48 h prior to infection. Infections were
performed by removing the culture medium from the 293
cell monolayers and dispensing virus at the appropriate
dilution into each well. After the addition of virus, plates
were stored in a humidified incubator at 37 °C and 5%
CO2 for approximately 2 h to allow virus to adsorb onto
the cells. Medium containing 10% FBS was then added
into each well and the plates were incubated in a
humidified incubator at 37 °C with 5% CO2 for 12 days
to allow development of cytopathic effect. At 12 days post-
infection, cell viability in each well was measured by
staining with Cell Titer 96 Aqueous One Solution (Pro-
mega, Madison, WI). The absorbance of each plate at 490
nm was then read using a SpectraMax Plus plate reader
(Molecular Devices, Sunnyvale, CA). A minimum of 60
wells were inoculated with medium containing 10% FBS
as negative controls. A sample well with a spectropho-
tometric reading less than 50% of the negative control
median value was considered positive for adenovirus
infection. This 50% cutoff value was established by
independent method validation studies, which demon-
strated a correlation between the endpoint dilution assay
and a quantitative PCR-based infectivity assay (Mahesh-

wari et al., 2004). Sample titer was then calculated
assuming a single infectious particle per positive well. A
sample titer was calculated only when fewer than 50%
of the wells at a given dilution scored positive. The
following equation was used to calculate sample titers
generated from the endpoint dilution assay:

To evaluate the variability of the endpoint dilution
assay, the root variability was calculated using the log
transformed values of the reported titer of a single
untreated adenovirus sample which had been run in 21
independent assays. Using these data, the standard
deviation was determined to be 0.27 log infectious titer.
The 95% confidence interval for the titration of this
untreated sample was found to be (0.57 log infectious
titer (Michelson and Schofield, 1996). This potency assay
has a limit of detection of 30 IU/mL, which is the titer
that would be measured if only a single positive well was
detected.

Selection of Virus Samples. The inactivation profiles
of multiple adenovirus type 5 constructs with unique
DNA sequences were evaluated in this study. These
constructs were generated by replacing the E1 gene of
an adenovirus type 5 vector with various HIV-1 trans-
genes. In addition, virus samples from two different steps
of an adenovirus production process were selected for
analysis to evaluate the effect of a range of physicochem-
ical parameters such as protein and nucleic acid concen-
tration and process buffers on the robustness of thermal
inactivation. Virus-infected cell broth was concentrated
approximately 20-fold and the sample was designated as
“unpurified concentrated cell lysate”. This sample was
tested to determine whether the presence of high protein
and nucleic acid in the sample matrix had an effect on
adenovirus inactivation. Samples were also taken after
the final purification steps into a proprietary buffer,
which were designated as “purified virus samples”. When
compared to the purified samples, the unpurified con-
centrated cell lysate matrix was found to contain greater
than 50-fold higher protein concentrations (as measured
by a colorimetric protein quantitation assay) and greater
than 100-fold higher nucleic acid concentrations (as
measured by a fluorescent nucleic acid staining method).

Chemical Inactivation Procedure. Virus samples
were inactivated by addition of a caustic solution (KOH,
NaOH (Fisher Scientific, Pittsburgh, PA), CIP-100 (Steris
Corporation, Mentor, OH)) of known pH and concentra-
tion at room temperature (10% final volume). The final
pH of the caustic solution following virus addition was
recorded. After the desired time of treatment, each
sample was neutralized by addition of equimolar HCl,
vortexed, collected by brief centrifugation using a mi-
crofuge, diluted into a stabilizing buffer and stored at
-70 °C. The final pH of neutralized samples was typically
between 6.8 and 7.4. The samples were then thawed at
room temperature prior to assay. Complete neutralization
of the caustic agent and removal of interference with the
assay procedure resulting from the neutralized chemical
was confirmed by adding untreated virus at known
concentrations into neutralized caustic solutions. No
statistically significant differences in the titers of the

endpoint dilution assay titer )

[no. wells positive for adenovirus infection (IU)
infection volume

well
× no. wells infected ] ×

sample dilution factor
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control samples were noted by either the quantitative
PCR-based assay or endpoint dilution assay (data not
shown).

Results
Inactivation with Hydroxides Is pH-Dependent.

To determine an optimal caustic concentration for quan-
tifying adenovirus inactivation kinetics, initial experi-
ments were performed with solutions of potassium
hydroxide at concentrations between 7.5 and 15 mM and
pH between 10.7 and 11.5. We found that the infectivity
of a purified adenovirus construct is reduced to the
detection limit of the PCR-based assay within 3 min
using KOH concentrations greater than 9 mM while the
kinetics of inactivation were captured using a 7.5 mM
KOH solution (Figure 1a). Based on these data, a KOH

concentration of 7 mM was chosen to determine whether
an unpurified adenovirus sample would exhibit a similar
rate of inactivation. We found that when 7 mM KOH was
added to the unpurified adenovirus sample matrix,
almost no reduction in infectivity was noted after 20 min
of exposure (Figure 1b). We also observed that the pH of
this sample was at 9.3 whereas the pH of the purified
adenovirus sample with 7 mM KOH was at 10.7. When
the pH of the unpurified adenovirus sample was in-
creased to 10.7 using 12 mM KOH, identical kinetics of
inactivation were observed for the purified and unpuri-
fied adenovirus samples at this pH. These results suggest
that inactivation of adenovirus with caustics is dependent
on the final pH of the solution rather than the concentra-
tion of the caustic solution. To further examine the role
of pH in hydroxide-based inactivation, the final pH of a

Figure 1. (a) Effect of increasing molarity and pH on inactivation of purified adenovirus with solutions of KOH. Purified adenovirus
samples at pH 10.7 (9), 11.0 (2) and 11.5 (/) were inactivated for varying lengths of time, stored at -70 °C, and subsequently
assayed using the PCR-based potency assay as described in Materials and Methods. The sample titers have been normalized to a
control. Normalized titer values less than 5 × 10-4 arbitrary units/mL fall below the limit of quantification of the PCR-based assay.
(b) Effect of pH and molarity on inactivation of unpurified and purified adenovirus with solutions of KOH. Unpurified construct 1
(() and purified construct 1 (2) were inactivated with a 7 mM KOH solution for different times. Unpurified construct 1 was also
inactivated with a KOH solution at 12 mM (b). Samples were assayed using the PCR-based potency assay as described in Materials
and Methods. The resulting titers have been normalized to a control. Normalized titer values less than 5 × 10-4 arbitrary units/mL
fall below the limit of quantification of the PCR-based assay. (c) Effect of sample matrix and DNA sequence on the final pH in KOH
solutions of varying molarity; 5-74 mM KOH was added into purified (bars 1, 2, and 3) and unpurified samples (bars 4, 5, and 6).
The final pH of each sample was measured and plotted against the corresponding molarity of the KOH solution. The three adenovirus
type 5 constructs tested were produced using similar processes and differ only in the inserted HIV-1 transgene sequence.
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range of purified and unpurified sample types were
measured using varying hydroxide concentrations. As
shown in Figure 1c, there is significant variation in the
final pH of different unpurified samples in KOH solutions
of pH less than 12 possibly due to a difference in their
matrices. As would be expected, the final pH of different
purified samples does not vary significantly over the
range of KOH concentrations that were evaluated. These
results suggest that process additives and culture condi-
tions can significantly affect the final pH obtained during
inactivation.

Hydroxide-Based Chemicals Exhibit Similar In-
activation Profiles at a Given pH. To determine if
inactivation with three different caustics agents would
be similar at a given pH, inactivation of a purified virus
sample using KOH, CIP-100, and NaOH was performed
at pH 10.8. Similar inactivation profiles were observed
for each of the three caustic agents tested provided the
pH fell within a similar range (Figure 2). We also found
that differences in transgene DNA sequence did not
impact the inactivation kinetics of adenovirus type 5
constructs. No significant difference in the inactivation
profiles of two different adenovirus type 5 constructs with
a different gene sequence inserted at the E1 region was
observed upon treatment with KOH at 6 mM which
corresponded to a pH of 10.6 (Figure 3).

Maximum Log Reduction Values Obtained for
Inactivation with NaOH and CIP-100. Based on the
data from the previous experiments, we tested the
effectiveness of high concentrations of caustics for in-
activation of adenovirus. We used an endpoint dilution
assay for this study since it has a lower limit of quanti-
tation. We also verified the sensitivity of the assay
procedure to determine whether the assay was able to
detect low levels of infective adenovirus particles in a
background of inactivated adenovirus and cellular debris.
Untreated virus at known concentrations was spiked into
dilutions of purified and unpurified samples inactivated
by NaOH (0.09 M for 10 min) and CIP-100 (0.9% for 10
min). No interference with the measurement of the
spiked sample was observed in the various matrices (data
not shown). These results confirmed that the endpoint
dilution assay is able to accurately measure infectious
titers as low as 30 IU/mL in samples with potentially
>106 inactivated adenovirus particles/mL. Table 1 shows

that a greater than 6 log reduction in adenovirus type 5
infectivity was observed following a 10 min exposure of
the sample to either 0.09 M NaOH or 0.9% CIP-100.
Similar log reduction values were obtained for adenovirus
type 6 using the same conditions (data not shown). As
noted previously, no significant differences were observed
in log reduction values when different sample matrices
or constructs were used, provided the pH was greater
than 11 following addition of caustic solution. The dif-
ferences in the log reduction values of the various
samples are more a reflection of the differences in their
starting titers.

Discussion
In this study, we have shown that adenovirus inactiva-

tion with hydroxides is pH dependent and that inactiva-
tion with different hydroxide-based chemicals (NaOH,
KOH, and CIP-100) at a similar pH produces similar
inactivation profiles. These results point to the impor-
tance of considering the impact of process buffers, which
may have a significant impact on pH, when designing
chemical inactivation procedures for a range of sample
matrices. Furthermore, we have demonstrated that un-
purified and purified adenovirus may be inactivated by
greater than 6 log following treatment with 0.09 M NaOH
or 0.9% CIP-100 for 10 min. To generate confidence in
the accuracy of the log reductions obtained for each
caustic inactivation condition, we have performed ap-

Figure 2. Comparison of the effect of KOH ((), CIP-100 (9),
and NaOH (2) solutions at similar pH on the inactivation of
purified adenovirus. Purified adenovirus was inactivated with
KOH, CIP-100 and NaOH solutions at a pH of 10.8 for different
times, frozen at -70 °C and assayed using the PCR-based
potency assay. The titers of each sample have been normalized
to an untreated purified control. Normalized titer values less
than 5 × 10-4 arbitrary units/mL fall below the limit of
quantification of the PCR-based assay.

Figure 3. Effect of DNA sequence of adenovirus-based con-
struct on inactivation kinetics with 6 mM KOH (pH 10.6).
Purified adenovirus constructs were inactivated with a 6 mM
solution of KOH for different times, frozen at -70 °C and
assayed using the PCR-based potency assay. The titers of each
sample have been normalized to an untreated purified control.
Normalized titer values less than 5 × 10-4 arbitrary units/mL
fall below the limit of quantification of the PCR-based assay.

Table 1. Log Reduction Values Obtained Using NaOH
and CIP-100 Inactivation with Various Adenovirus Type
5 Constructs and Sample Matricesa

calcd log reduction value

sample type
0.09 M NaOH

for 10 min
0.9% CIP-100

for 10 min

purified construct 1 6.7 7.3
purified construct 2 >7.9 >8.0
purified construct 3 7.8 7.8
unpurified construct 1 6.5 6.2
unpurified construct 2 6.0 6.5
unpurified construct 3 7.2 6.6
a Samples were inactivated with 0.09 M NaOH or 0.9% CIP-

100 for 10 min, and the resulting titer was measured using the
endpoint dilution assay as described in Materials and Methods.
Log reduction values were calculated by normalizing the measured
titer by the potency of the appropriate untreated adenovirus
sample.
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propriate control experiments to verify the absence of
interference from the inactivated sample matrix, which
increases in proportion to the log reduction value.

We also find that the log reductions obtained did not
vary significantly with the sample matrix content or the
type of adenovirus construct used provided the pH of the
samples were at similar levels. For future studies, it may
be acceptable to use the inactivation data generated for
a particular construct to provide guidance for procedures
used for other constructs with similar DNA sequences.

Based on the results of this study, we propose that
caustic inactivation procedures for adenovirus use 0.09M
NaOH and 0.9% CIP-100, which result in a final sample
pH greater than 12, at contact times greater than 10 min.
These results have been verified with adenovirus con-
centrations as high as 1 × 109 to 1 × 1010 IU/mL.

If the process sample matrix contains buffering agents
that may significantly impact the final pH during inac-
tivation, higher concentrations of NaOH and CIP-100
may be required to ensure maximum log reduction values
are achieved. Use of either NaOH or CIP-100 at these
relatively low concentrations can easily be implemented
in a manufacturing setting without significant modifica-
tion or corrosion of equipment.

Acknowledgment
The authors would like to acknowledge valuable con-

tributions from the following collaborators in Merck
Research Laboratories: Drs. Nedim Altaras and John
Konz for providing virus bulks, Dr. John A. Lewis for the
PCR-based potency assay and endpoint dilution assay
methods development, Philip Bennett for statistical
analysis of historical assay variability data, and Lisa
McCormick for analytical support.

References and Notes
Borovec, S.; Broumis, C.; Adcock, W.; Fang, R.; Uren, E.

Inactivation kinetics of model and relevant blood-borne
viruses by treatment with sodium hydroxide and heat.
Biologicals 1998, 26 (3), 237-44.

Boschetti, N.; Wyss, K.; Mischler, A.; Hostettler, T.; Kempf, C.
Stability of minute virus of mice against temperature and
sodium hydroxide. Biologicals 2003, 31 (3), 181-5.

Crathorn, A. R.; Shooter, K. V. The alkaline hydrolysis of
phosphotriesters in alkylated mammalian DNA. Biochim
Biophys. Acta 1982, 697 (2), 259-61.

Derbyshire, J. B.; Arkell, S. The activity of some chemical
disinfectants against Talfan virus and porcine adenovirus
type 2. Br. Vet. J. 1971, 127 (5), 137-42.

Derbyshire, J. B.; Brown, E. G. The inactivation of viruses in
cattle and pig slurry by aeration or treatment with calcium
hydroxide. J. Hyg. (London) 1979, 82 (2), 293-9.

Gulich, S.; Linhult, M.; Stahl, S.; Hober, S. Engineering strep-
tococcal protein G for increased alkaline stability. Protein
Eng. 2002, 15 (10), 835-42.

Jooss, K.; Chirmule, N. Immunity to adenovirus and adeno-
associated viral vectors: implications for gene therapy. Gene
Ther. 2003, 10 (11), 955-63.

Lancz, G. J. Effect of pH on the kinetics of herpes simplex virus
inactivation at 36 degrees. Virology 1976, 75 (2), 488-91.

Lewis, J.; Wang, F.; Harper, C.; Louis, A.; McMackin, J.; Mathis,
W. C.; Hager, A.; Schofield, T. The QPA Assay: The Use of
QPCR to Assay Infectious Potency of Adenovirus Prepara-
tions; American Society of Gene Therapy, 4th annual meeting,
Seattle, WA, 2001.

Limbach, K. J.; Paoletti, E. Nonreplicating expression vectors:
applications in vaccine development and gene therapy. Epi-
demiol. Infect. 1996, 116 (3), 241-56.

Luff, P. R. Control of manufacture-principles and purposes.
Dev. Biol. Stand. 1992, 79, 155-8.

Maheshwari, G.; Jannat, R.; McCormick, L.; Hsu, D. Thermal
inactivation of adenovirus type 5. J. Virol. Methods 2004,
118(2), 141-6.

Michelson, S.; Schofield, T. The Biostatistics Cookbook: The
Most User-Friendly Guide for the Bio/medical Scientist;
Kluwer Academic Publishers: Boston, 1996.

Shooter, K. V. The kinetics of the alkaline hydrolysis of
phosphotriesters in DNA. Chem. Biol. Interact. 1976, 13 (2),
151-63.

Sofer, G. Validation of biotechnology products and processes.
Curr. Opin. Biotechnol. 1995, 6(2), 230-4.

Sofer, G. Virus inactivation in the 1990s-and into the 21st
century: Part 3a, Plasma and plasma products (heat and
solvent/detergent treatments). BioPharm 2003, 15 (9), 28-
42.

Ye, K.; Dhiman, H. K.; Suhan, J.; Schultz, J. S. Effect of pH on
infectivity and morphology of ecotropic moloney murine
leukemia virus. Biotechnol. Prog. 2003, 19 (2), 538-43.

Zhang, W. W. Development and application of adenoviral vectors
for gene therapy of cancer. Cancer Gene Ther. 1999, 6 (2),
113-38.

Accepted for publication December 16, 2004.

BP049812F

450 Biotechnol. Prog., 2005, Vol. 21, No. 2


