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To ensure the high purity and biological activity of the adeno-
virus vector to be used for clinical applications, a stable and lin-
early scalable preparation method is highly imperative. During
the adenovirus-harvesting process, the Triton X-100-based
lysis method possesses the advantages of higher efficiency as
well as easier linearization and amplification. Most Triton X-
100 can be removed from the adenovirus sample by chromato-
graphic purification. However, there is no report that a small
amount of residual Triton X-100, present in adenovirus sam-
ple, can affect the particle integrity, infectivity, and structure
of adenoviruses. Here, we found that although residual Triton
X-100 affected the short-term stability, purity, infectivity, and
structure of adenoviruses at 37�C, it did not hamper these
properties of adenoviruses at 4�C. This study suggests that
although the Triton X-100-based lysis method is a simple, effi-
cient, and easy-to-scale process for lysing host cells to release
the adenovirus, the storage conditions of adenovirus products
must be taken into consideration.
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INTRODUCTION
Gene therapy refers to the introduction of human normal genes or
therapeutic genes into target cells in a certain way to either correct
gene defects or exert therapeutic effects, thereby achieving the pur-
pose of treating different diseases.1 The first clinical trial of human
gene therapy was approved by the U.S. Food and Drug Administra-
tion (FDA) in 1990. Since then, many gene therapy-based clinical tri-
als are carried out for the treatment of different diseases, including
cancers, cardiovascular diseases, as well as metabolic diseases.2,3

Gene-therapy vectors can be divided into two types, namely viral vec-
tors and nonviral vectors. Whereas nonviral vectors mainly include
naked DNA, liposomes, nano-vectors, etc., viral vectors are majorly
adenoviruses, adeno-associated viruses, retroviruses, lentiviruses,
and herpes.4–6 Viral vectors, possessing high gene transduction effi-
ciency and good biocompatibility, are the most common gene therapy
vectors used in clinical trials. Among viral vectors, adenovirus can
easily infect a wide range of dividing and nondividing host cells,
and it does not integrate with the host cell genome, leading to avoid-
ance of the risk of insertion mutations.7 Therefore, adenovirus is
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frequently used for the gene therapy-based clinical trials to treat
several diseases, such as cancers, cardiovascular diseases, central ner-
vous system diseases, infectious diseases, etc.8–12

One of the bottlenecks of gene therapy is the large-scale production of
clinical-grade viral vectors with high purity and biological activity.
The preparation process of viral vectors should be highly stable and
amenable for scaling up.13 The production of adenoviral vectors con-
sists of two kinds of processes, namely upstream and downstream.
Whereas the upstream process focuses on adenovirus amplification
and harvesting of viral fluid, the downstream process is involved
with purification of adenovirus.14,15 Adenovirus can infect HEK293
or PER.C6 host cells and replicate within the cells, ultimately leading
to lyse the infected cells. Adenovirus lysis characteristics allow two
different modes of virus production. The first mode is to harvest
the virus by lysing host cells employing external factors prior to the
cell lysis.16 The second method is to harvest cells after almost com-
plete lysis of virus supernatant. In the case of the latter method, a
longer culture time is required for the cells to be completely lysed.
The prolonged culture of cells after virus infection can enhance the
production of replication-capable adenovirus (RCA). However, the
long-term exposure of adenovirus, released in the medium, to the
higher temperature can reduce its infectivity. Therefore, in the pre-
sent study, we have adopted a process of harvesting infected cells
before cell lysis and employed external factors to lyse the host cells
for the release of virus.

The conventional methods of lysing host cells are a repeated freeze-
thaw method, solid shear method, hypotonic solution lysis method,
liquid shear method, ultrasonic disruption method, detergent lysis
method, and others. The disadvantages of a repeated freeze-thaw
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method include lengthy time-consuming processing, limited produc-
tion of small batches of adenovirus, as well as incomplete cell lysis,
leading to incomplete release of adenovirus.16,17 Contrastingly, the
shearing method needs special equipment, requiring a large amount
of investment and causing exogenous contamination of the adeno-
virus samples. Similarly, the ultrasonic disruption method also re-
quires special equipment and a large investment. Moreover, the
adenovirus samples can easily be contaminated during this process.
Also, the hypotonic solution-based lysis method has a low efficiency
in lysing the cells, and scale-up production cannot be achieved. Con-
trastingly, the detergent-mediated lysis method is simple, economical,
easy to produce on a large scale, and widely employed for the prepa-
ration of a variety of viral vectors.18

In the present study, during an upstream process for large-scale pro-
duction of adenovirus, we have used Triton X-100 to lyse the host cells
for complete release of the adenovirus. Most of the Triton X-100 in
the cell lysate can be removed by subsequent chromatographic puri-
fication processes, but the trace amount of Triton X-100 can remain
in the purified adenovirus sample. However, no report demonstrates
the effect of this residual Triton X-100 on the properties of adenovirus
samples. Herein, we have thoroughly investigated the effect of resid-
ual Triton X-100 on the short-term stability, purity, infectivity, and
structure of purified adenovirus samples, employing different analyt-
ical techniques.

RESULTS
Effect of Triton X-100 on the Purification Process of Adenovirus

To examine the effect of Triton X-100 on the purification process of
adenovirus, cell supernatant and cell supernatant along with the cell
pellet of adenovirus fermentation broth were treated with or without
0.25% Triton X-100 lysis buffer, followed by their purification using
ultrafiltration and ion-exchange methods. After chromatographic pu-
rification, the light absorption values of the adenovirus, eluted at
260 nm and 280 nmwere found to be higher for samples with residual
Triton X-100 (obtained through a Triton X-100-based lysis method)
as compared to that of samples without residual Triton X-100 (ob-
tained through a repetitive freeze-thaw method) (Figures 1A and
1B) (***p < 0.001). However, the immunohistochemistry study ex-
hibited that the total amount of virus in the cell-culture supernatant
was similar in the presence and absence of Triton X-100 lysis buffer
before purification, but there was a significant difference in the total
amount of virus in the corresponding cell-sediment samples (Figures
1C and 1D) (**p < 0.01). Even after the purification process, the
amount of virus in cell-sediment samples in the presence of Triton
X-100 lysis buffer was more than that obtained by a repeated
freeze-thaw method (Figures 1E and 1F) (*p < 0.05). Altogether,
the results suggest that the Triton X-100 lysis method lysed the
Figure 1. Effect of Triton X-100 on the Purification of Adenovirus

(A) The representative chromatogram of adenovirus fermentation broth. (B) Statistical

nohistochemistry staining images of adenovirus fermentation broth. (D) Statistical analy

**p < 0.01, ***p < 0.001). (E) Corresponding representative immunohistochemistry staini

various adenovirus elutes (*p < 0.05, **p < 0.01, ***p < 0.001).
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host cells more completely and released more viruses as compared
to the repeated freeze-thaw method.

Determination of Residual Triton X-100 Concentration in

Adenovirus Samples

A series of Triton X-100 standards was prepared to determine the re-
sidual Triton X-100 concentration in adenovirus samples using high-
performance liquid chromatography (HPLC). After analysis on a C18
column, a single Triton X-100 chromatographic peak appeared for a
standard sample at 7.0 min (Figure 2A). A single Triton X-100 chro-
matographic peak also appeared at about 7.0 min for the purified
adenovirus sample with residual Triton X-100, and the residual
Triton X-100 concentration was 0.17 ± 0.0073 ng/mL (Figure 2B).
The concentration of Triton X-100 was obtained by drawing a stan-
dard curve with the peak area as the ordinate and the concentration
as the abscissa. As per the standard curve, a linear regression equa-
tion, y = 25,714x + 20,045 (R2 = 0.9999), was established. The purified
adenovirus sample (obtained through the freeze-thaw method)
without Triton X-100 did not show a chromatographic peak at
7.0 min (Figure 2C).

Effect of Residual Triton X-100 on the Absorbance Value and

Number of Virus Particles of Adenovirus Samples

To examine the effect of residual Triton X-100 on absorbance and
number of virus particles of pure adenovirus samples, a different con-
centration of Triton X-100 was added to the pure adenovirus samples
without Triton X-100. UV-visible spectroscopy detected the light ab-
sorption of samples with equal adenovirus particle content in the
wavelength range of 260 nm to 280 nm. The result exhibits that the
absorption values were increased with the increasing concentration
of addition of Triton X-100 (Figure 3A). According to the detected
absorbance value, the number of virus particles was also enhanced
significantly with increasing concentration of Triton X-100 added
to adenovirus samples as compared to adenovirus samples without
Triton X-100 (Figure 3B) (*p < 0.05, **p < 0.01, ***p < 0.001). The
purity of virus particles (A260 nm/A280 nm) was gradually decreased
with increasing concentration of addition of Triton X-100 (Figure 3C)
(*p < 0.05, **p < 0.01).

Effect of Triton X-100 on the Stability (Purity) of Adenovirus

Particles

To evaluate the effect of Triton X-100 on the stability of the adeno-
virus particles, the purified adenoviruses were placed at 4�C and
37�C, and the purity of the adenovirus samples was detected using
HPLC. The chromatograms of purified adenovirus samples with
and without Triton X-100 residual at 4�C illustrated only a single
peak (Figure 4A), suggesting that the presence of residual Triton X-
100 had no significant effect on the stability of adenovirus particles
analysis of adenoviral peak integral area. (C) Corresponding representative immu-

sis of total infectious virus titers of various adenovirus fermentation broth (*p < 0.05,

ng images of adenovirus elutes. (F) Statistical analysis of total infectious virus titers of
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Figure 2. Determination of Residual Triton X-100 in Adenovirus Samples Employing C18 HPLC

(A) The chromatogram of Triton X-100 lysis buffer standard. (B) The chromatogram of pure adenovirus containing residual Triton X-100. (C) The chromatogram of pure

adenovirus without residual Triton X-100.

Molecular Therapy: Methods & Clinical Development
in terms of peak purity and peak integrated area (Figures 4C and 4D)
at 4�C up to the 15th day. However, for purified adenovirus samples
with residual Triton X-100 at 37�C, either the peak integration surface
was decreased, or double peaks appeared in chromatograms, particu-
larly on the 9th, 12th, and 15th days (Figure 4B), and the stability of
the virus particles (peak purity and integrated area) with and without
Triton X-100 residual was found to be significantly different (*p <
0.05, **p < 0.01, ***p < 0.001) (Figures 4C and 4D). The results indi-
cate that residual Triton X-100 can affect the stability (purity) of the
adenovirus particles in a short time upon storing the adenovirus sam-
ples at 37�C.

Effect of Triton X-100 on Adenovirus Infection Activity

To evaluate the infection activity, the purified adenovirus samples
were placed at 4�C and 37�C, followed by antibody staining. The re-
sults showed that there was no significant change in the infection ac-
tivity of the adenovirus samples with and without Triton X-100 resid-
ual up to 15 days at 4�C (Figures 5A and 5C–5F). However, the
adenovirus samples, with and without residual Triton X-100, demon-
strated significantly different infection activity at 37�C (Figure 5B).
The infection activity of purified adenoviruses with Triton X-100 re-
sidual started to decrease from the 3rd day onward at 37�C (*p < 0.05,
**p < 0.01, ***p < 0.001), and the activity was basically lost on the 12th
38 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
day (Figures 5B, 5E, and 5F). Interestingly, the infection activity of the
purified adenovirus test products without the remnant Triton X-100
did not alter significantly with time at 37�C (p > 0.05) (Figures 5B–
5D).

Effect of Additionally Added Triton X-100 and Residual Triton X-

100 on the Stability of Triton X-100-Free Adenovirus Samples

and Adenovirus Samples with Remnant Triton X-100

To explore whether Triton X-100 could directly interact with adeno-
virus components leading to adenovirus instability, Triton X-100 of
different concentrations was added to the Triton X-100-free adeno-
virus, and the samples were placed at 37�C for 15 days. The purity
of the samples was detected by HPLC to evaluate the effect of the
addition of Triton X-100 on the stability of adenovirus particles.
The chromatograms of the test products showed a single peak (Fig-
ure 6A), and there were no significant changes in the integrated
area (Figure 6B).

Furthermore, the structure and composition of the virus particles
were examined using an electron microscope and SDS-PAGE, respec-
tively. The electron microscopy results exhibited that the adenovirus
particles without Triton X-100 (6) or additionally added Triton X-
100 (-) had a complete structure at 4�C and 37�C. Moreover, the
ber 2020



Figure 3. Effect of Triton X-100 on UV Absorbance of Pure Adenovirus

(A) Effect of different concentrations of Triton X-100 on UV absorption value of adenovirus products. (B) Effect of different concentrations of Triton X-100 on the number of

virus particles. (C) Effects of different concentrations of Triton X-100 on the ratio of A260 nm/A280 nm in adenovirus preparations.

www.moleculartherapy.org
crusts and cilia on the surface of the virus were clearly visible. The
structure of the virus particles with residual Triton X-100 (:) was
also complete under the storage condition of 4�C. However, these vi-
rus particles were disintegrated substantially at 37�C, and a large
number of scattered shell particles were also observed, as shown in
Figure 6C. In the case of SDS-PAGE analysis, three different samples
showed the same electrophoretic bands at 4�C and 37�C, and the pro-
tein composition of the virus particles remained almost unchanged
(Figure 6D). The experimental results demonstrated that the residual
Triton X-100 had a significant effect on the stability (purity, structure,
and components) of purified adenovirus samples at 37�C. However,
the additionally added Triton X-100 had no significant effect on the
stability of adenovirus samples without residual Triton X-100. Over-
all, these results depict that the instability of adenovirus particles
caused by Triton X-100 may not be due to the direct interaction be-
tween Triton X-100 and adenovirus components.

DISCUSSION
In the present study, during the upstream process for large-scale
preparation of adenovirus, Triton X-100 was added (with a final con-
centration of 0.25%) to the bioreactor for lysing the cells to release the
adenovirus.19 In this method, host cells can be lysed in a closed envi-
ronment of the bioreactor, leading to reduced probability of contam-
Molecular Th
ination of the adenovirus feed, followed by linear scale-up. The cell
lysate harvested at the same time can be well connected with the
downstream adenovirus purification process. The cell debris in virus
fermentation broth can easily be removed by filtration to attain the
purpose of clarification, avoiding the use of small-throughput centri-
fugation to clarify the virus feed. Herein, the cell lysis and virus-
release capability of the repeated freeze-thaw method and detergent
(Triton X-100)-based lysis method were thoroughly investigated. It
was found that the virus released from host cells using the detergent
lysis method was more effective as compared to that of the repeated
freeze-thaw method, which corroborates with earlier reports. In addi-
tion, the repeated freeze-thaw method is only suitable for lysing a
small number of samples and cannot be linearly scaled up to indus-
trial scale unlike the detergent-based lysis method.

Detergents are amphiphilic molecules consisting of aliphatic or
aromatic nonpolar ends and polar ends with or without charge. De-
tergents can either be denaturing or nondenaturing in nature. The
denaturing detergents destroy the entire cell membrane and denature
proteins by disrupting protein-protein interactions, However, the
nondenaturing detergents are relatively weak in destroying the pro-
tein-lipid interactions, and they do not hamper the natural structure
and activity of proteins. Detergents commonly used to lyse the host
erapy: Methods & Clinical Development Vol. 19 December 2020 39
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Figure 4. Effect of Residual Triton X-100 on the Stability (Purity) of Adenovirus Particles

(A) Representative HPLC chromatograms of adenovirus placed at 4�C. (B) Representative HPLC chromatograms of adenovirus placed at 37�C. (C and D) Statistical analysis

of changes in peak purity (C) and integrated area (D) of the adenovirus products (*p < 0.05, **p < 0.01, ***p < 0.001).
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cells include Triton X-100, nonyl phenoxypolyethoxylethanol (NP-
40), Tween 20, Brij-58, etc.20–24 The removal of these detergents
added in biological products is highly imperative in their processing.
The detergents can be removed in a variety of ways. For instance, dial-
ysis is a very effective method for removal of detergents in the form of
monomers. However, dialysis has a poor removal effect on detergents
that can easily aggregate into micelles, because the large micelles
cannot pass through the dialysis membrane. The detergents, which
are prone to aggregate into colloidal particles, can easily be removed
by ion-exchange chromatography technique. Triton X-100 possesses
low viscosity as compared to Brij-58, Tween 20, and other detergents
and can easily be removed during sample purification using chroma-
40 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
tography. The literature demonstrated that Triton X-100 can gently
lyse the host cells and release the virus completely.15,25 With the
consideration of these facts, we finally selected Triton X-100 in the
host cell lysis process for releasing the viruses.

In the present study, it was found that the adenovirus elute, purified
from the cell-culture supernatant containing 0.25% Triton X-100 lysis
buffer by anion-exchange chromatography, had higher light A260 nm

and A280 nm values than the samples purified from the cell-culture su-
pernatant without Triton X-100 lysis buffer. However, the immuno-
histochemistry study illustrated that the number of infectious virus
particles of the two elutes was similar. We speculate that Triton
ber 2020



Figure 5. Effect of Residual Triton X-100 on Infection Activity of Adenovirus

(A) Representative immunohistochemistry staining images of adenoviruses placed at 4�C. (B) Representative immunohistochemistry staining images of adenoviruses placed

at 37�C. (C and D) Statistical analysis of changes in infection activity of Triton X-100-free adenovirus (C) and adenovirus with residual Triton X-100 (D) stored at 4�C. (E and F)

Statistical analysis of changes in infection activity of Triton X-100-free adenovirus (E) and adenovirus with residual Triton X-100 (F) stored at 37�C (*p < 0.05, **p < 0.01, ***p <

0.001).
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X-100 has an effect on the light A260 nm and A280 nm values of adeno-
viruses. In order to further explain the effect of Triton X-100 on the
light absorption value of adenoviruses, Triton X-100, with different
Molecular Th
concentrations, was added to the purified adenovirus sample without
residual Triton X-100. UV spectroscopy studies showed that with the
increase of the concentration of Triton X-100, the light A260 nm and
erapy: Methods & Clinical Development Vol. 19 December 2020 41
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Figure 6. The Difference of the Effect of Residual Triton X-100 and Additionally Added Triton X-100 on the Stability of Adenovirus

(A) TheHPLCchromatogramsof theadenovirussamplesadditionally addingdifferent concentrationsofTritonX-100showedasinglepeak. (B)Statistical analysisof thepeak integral area

of the virus particles (*p < 0.05, **p < 0.01, ***p < 0.001). (C) Transmission electronmicroscopy images exhibiting the structural changes of Triton X-100 free adenovirus (6), adenovirus

withadditionally addedTritonX-100 (-) andadenoviruscontaining residual TritonX-100 (:) at 4�Cand37�C. (D) Thecomponentsof theseadenoviruseswereanalyzedbySDS-PAGE.
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A280 nm values were gradually increased, and the ratio of A260 nm/
A280 nm decreased. These results suggest that Triton X-100 and
adenovirus have the maximum absorption effect on UV in the wave-
length range of 260–280 nm. UV-visible spectroscopy is generally em-
ployed for the determination of the number and purity of adenovirus
particles, and our research suggests that UV spectroscopy may not be
suitable for detecting the number and purity of adenovirus samples
containing Triton X-100 residues.26,27

After adding Triton X-100 to the host cells for the lysis process to
release the virus, the fermentation broth was purified by ultrafiltration
and anion-exchange chromatography. Analysis of the purified adeno-
virus employing a C18 HPLC column revealed the presence of traces of
Triton X-100 in the samples. Further studies revealed that the adeno-
virus, with or without residual Triton X-100, could maintain good par-
ticle stability and infection activity for a short time under a 4�C storage
condition. Previous studies demonstrated that nonreplicating and
replicating adenoviruses can maintain the stability and infection activ-
ity of virus particles at 37�C for a short period of time. We also found
that Triton X-100-free pure adenovirus samples and pure adenovirus
containing additionally added Triton X-100 kept good particle stability,
purity, and infection activity under 37�C storage condition. However,
purified adenovirus containing residual Triton X-100 cannot lead to
good stability and infectivity under a 37�C storage condition for a short
time. We speculate that Triton X-100 may not directly interact with
adenovirus components to alter the stability and infection activity of
adenovirus particles. During the adenovirus-release process, Triton
X-100 was employed for the cell lysis. Triton X-100 might interact
with host cell components to indirectly change the stability and infec-
tivity of adenovirus particles. Moreover, we also found that the effect of
0.1% Triton X-100 or milder detergent Tween 20 on structural stability
and infection activity of adenovirus particles was similar to that of
0.25% Triton X-100 (Figures S1 and S2). The effect of detergent on
structural stability and infection activity of adenovirus particles may
have nothing to do with the strength of the detergent. Further investi-
gation is needed to comprehend the specific components of the host
cells interacting with the detergent to affect the stability of adenovi-
ruses. Earlier reports depicted that the ability of the adenovirus infec-
tivity majorly relies on the expression of capsid protein, and it is closely
related to the cephalic region of the virus ciliated.28,29 The electron mi-
croscopy structure of the adenovirus with residual Triton X-100 at
37�C further demonstrated that the presence of residual Triton X-
100 can lead to almost complete disintegration of the structure of
adenovirus samples upon storage for 15 days, and a large number of
scattered virus shells were visible. However, in this study, SDS-PAGE
analysis revealed no significant degradation of the capsid protein as
well as other core proteins of the adenovirus. The adenovirus is
composed of 252 shell particles arranged in an icosahedron. Triton
X-100 may lead to the shell particles (virus protein) fall off the adeno-
virus icosahedron, causing disintegration of the adenovirus structure.
However, Triton X-100 may not degrade the viral protein directly.

The major factors affecting the stability of adenoviruses during the
large-scale preparation are physical, chemical, and biological factors.
Molecular Th
The physical factors mainly include temperature and shear force. The
literature demonstrated that the stability of adenoviruses gradually
decreases with increasing temperature. When the temperature rea-
ches above 47�C, the structure of the adenoviruses can completely
be disintegrated, and they lose their infection ability.30 Bedsides tem-
perature, shear forces generated during bioreactor stirring, fermenta-
tion broth centrifugation, and ultrafiltration can destroy the structure
of adenoviruses, thereby reducing their infectivity.31,32 The chemical
factors mainly include pH and concentration of salt ions in buffer,
which can affect the solubility of the protein. Excessively high- or
low-salt ion concentrations may cause precipitation or denaturation
of adenovirus structural proteins.33–35 High or low pH might also
affect the capsid proteins on the surface of adenoviruses, eventually
causing inactivation of the adenovirus infectivity.36–38 On the other
hand, the biological factors are majorly derived from various prote-
ases released by host cells, and these proteases can hydrolyze the
adenovirus surface proteins, leading to destroyed structure and
reduced infectivity of the adenovirus particles.39,40 In the present
study, we confirm that Triton X-100 added during cell lysis of the up-
stream process can reduce the stability and infectivity of adenovirus in
subsequent purification processes.

It is well known that the Triton X-100-based lysis method of host cells
is a simple, efficient, and easy-to-scale process to release viruses. A
trace amount of Triton X-100 can remain in the adenovirus product
after purification of the cell lysate. Pure adenoviruses are commonly
stored under �20�C. The residual Triton X-100 has no effect on the
stability and infectivity of the adenovirus under a low-temperature
storage condition. However, further investigation is required to
comprehend whether the residual Triton X-100 could affect the
long-term stability of cryopreserved adenoviruses. In addition, Triton
X-100 may reduce the stability and infectivity of adenoviruses after
purification process. Therefore, unpurified adenovirus samples con-
taining Triton X-100 should not be exposed to high temperature
for a long time during purification. It was reported that the addition
of metal nanoparticles or Polyethylene Glycol 8000 (PEG 8000) to
adenovirus preparations can extend the stability of the samples
from hours to months.41 The present study provides the idea for
further research to improve the stability of residual Triton X-100-
containing adenovirus particles.

MATERIALS AND METHODS
Cell Culture

HEK293 cells were purchased from American Type Culture Collec-
tion (ATCC) and cultured in Dulbecco’s modified Eagle’s medium
(DMEM) with high sugar (without antibiotics) and 10% fetal bovine
serum (FBS) (HyClone). DMEM dry powder was purchased from
Gibco.

Adenovirus Type 5 Amplification and Host Cell Lysis

The recovered HEK293 cells were cultured and scaled up to a 10-layer
cell factory. When the density of cells in the cell factory became more
than 90%, the cells were incubated with adenovirus type 5 seed solu-
tion (multiplicity of infection [MOI] = 25) for 48–72 h. When about
erapy: Methods & Clinical Development Vol. 19 December 2020 43
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80% of the cells became round, the culture supernatant and cell pellet
were separated by centrifugation. Host cells were then lysed by either
Triton X-100 lysis buffer (10 mM Tris-HCl, 2 mM MgCl2, 0.25%
Triton X-100, pH 8.0) or freezing and thawing repeatedly, leading
to obtaining cell supernatant and cell supernatant along with cell pel-
let with or without Triton X-100 lysis buffer, respectively. In the case
of the Triton X-100 lysis method, the cell suspension was treated with
Triton X-100 lysis buffer for 60 min at room temperature, and the su-
pernatant was collected by centrifugation after the lysing process.
Contrastingly, the cell suspension was repeatedly frozen and thawed
at �80�C and 37�C, respectively, three times, followed by centrifuga-
tion in the case of the freeze-thaw method.

Ultrafiltration and Purification of Adenovirus

The four types of crude adenovirus samples—(1) cell supernatant, (2)
cell supernatant containing 0.25% Triton X-100 lysis buffer, (3) cell
supernatant and cell pellet lysed with 0.25% Triton X-100 lysis buffer,
and (4) cell supernatant and cell pellet repeatedly frozen and thawed
for three times, as mentioned above—were centrifuged at 6,000 rpm
at 4�C for 30 min (Sorvall LYNX 4000; Thermo Scientific). The cell
debris was discarded, and the supernatant was retained. Next, the vi-
rus supernatant was filtered employing 1.2 mM and 0.45 mM capsule
filters. It was then concentrated and diafiltered using a tangential flow
ultrafiltration (TFF) device (Sartorius) with 300 kDa molecular
weight cutoff (MWCO) membrane (Sartorius).42 After that, the re-
tentate was separated and purified by a two-step anion-exchange
method, namely crude purification of Q Sepharose XL (GE Health-
care) packing and fine purification of SOURCE 30Q packing (GE
Healthcare). The purified adenovirus sample was then dialyzed
against a 4% sucrose solution overnight, filtered through a 0.22-mM
filter, and finally stored at �80�C for subsequent experiments.

Determination of Residual Triton X-100 Concentration in

Adenovirus Samples

To determine the residual Triton X-100 concentration in adenovirus
samples, a series of standard Triton X-100 solutions (10 ng/mL,
25 ng/mL, 50 ng/mL, 75 ng/mL, 100 ng/mL, 250 ng/mL, and
500 ng/mL) was prepared. The purified adenovirus samples were
used as test samples, and the concentration of Triton X-100 in those
samples was measured using HPLC at detection wavelength 225 nm.
The stationary phase for HPLC analysis was a C18 column, whereas
the mobile phase was a methanol-water solution (volume ratio 85:15).
The standard curve was drawn with the standard peak area as the
ordinate and the concentration as the abscissa. Triton X-100 concen-
tration in adenovirus samples was calculated from the standard curve.

Short-Term Stability Testing of Adenovirus Particles

The adenovirus test products purified by different processing
methods stated above were placed at 4�C and 37�C up to 15 days,
and the short-term stability of the adenovirus samples was tested
on the 3rd, 6th, 9th, 12th, and 15th day. The stability of adenovirus
samples was evaluated in terms of their purity and infection activity.
The purity of the recombinant adenovirus samples was determined by
HPLC. The conditions for HPLC analysis were as follows: column,
44 Molecular Therapy: Methods & Clinical Development Vol. 19 Decem
SOURCE 15Q (4.6 mm i.d. � 100 mm); mobile phase A liquid,
50 mM Tris-HCl, 2 mM MgCl2, pH 8.0; liquid B, 50 mM Tris-HCl,
2 mM MgCl2, 1 M NaCl, pH 8.0; and gradient elution, liquid A to
100% liquid B. The time from equilibrium, loading, and elution was
30 min, with flow rate 1.0 mL/min, and detection wavelength was
260 nm. 2.5 � 1010 virus particles (VP)/100 mL sample was injected
into the liquid chromatograph, followed by the recording of the chro-
matogram and evaluation of the purity, according to the area-normal-
ization method. The determination of infection activity of the adeno-
virus particle was performed according to the instructions of the
TaKaRa adenovirus rapid detection kit. 100 mL of the filtered sample
was taken, and a 10-fold gradient dilution was made. The appropriate
five dilutions were selected. 50 mL of each dilution was poured into a
24-well tissue-culture plate seeded with HEK293 cells at a concentra-
tion of 5.0 � 105 cells/well in FBS containing DMEM for 48 h. The
medium was then discarded, and the cells were treated with pre-
cold methanol for 10 min, followed by washing with buffer (PBS +
1% bovine serum albumin), three times, and incubation with mouse
anti-hexon antibody (1:1,000) for 1 h and rat anti-mouse antibody
(1:500) for another 1 h. 3,30-diaminobenzidine (DAB) staining was
then employed to develop the color, and the cells were observed
and counted under a microscope.26
SDS-PAGE Analysis

The SDS-PAGE method was used to analyze the composition of
adenovirus samples purified through ultrafiltration and ion-exchange
methods. In brief, an 80-mL sample was mixed with 20 mL, 5 �
loading buffer, and the mixture was boiled at 100�C for 10 min, fol-
lowed by centrifugation at 13,000 rpm for 10 min to collect the super-
natant. The samples were then electrophoresed on a 12.5% polyacryl-
amide gel at 120 V for 90 min. After the electrophoresis, the gels were
analyzed by staining with Coomassie brilliant blue R250.
Investigation of the Effect of Triton X-100 on the Structure of

Adenovirus Using Transmission Electron Microscope

To evaluate the effect of Triton X-100 on the structure of adenovirus,
20 mL of adenovirus samples was placed onto the copper net of the
transmission electron microscope for 1 min, and the excess residual
sample was soaked using a filter paper. A drop of 1% (w/v) phospho-
tungstic acid was then added on the sample for 5 min. After that, the
copper mesh was mounted on a transmission electron microscope to
observe themorphological characteristics, as well as uniform distribu-
tion of the adenovirus.
Statistical Analysis

The results were expressed as mean ± SD. All statistical tests were
conducted through the SPSS version 15.0 software. One-way
ANOVA analysis was employed for the statistical comparisons, and
p value < 0.05 was considered statistically significant.
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