
Abstract. Viral clearance is a primary concern for parenteral
protein biopharmaceuticals. Low pH, detergent/solvent wash,
or heating, called pasteurization, has been the main process
for virus inactivation. Detergent/solvent wash is also used to
treat superficial infectious diseases, including herpes simplex
virus (HSV) infections. Herein we examined virus inactivation
effects of acidic arginine on HSV type 2 (HSV-2) as a function
of pH and temperature in an attempt to find solvent conditions
that are effective for virus inactivation, yet are compatible
with in vivo applications. Aqueous arginine at 0.7 M was
highly effective on HSV-2, more so at lower pH and higher
temperature. Its effects were stronger than 0.1 M citrate, 0.1 M
citrate/0.6 M NaCl or 0.7 M citrate at any pH and temperature.
This demonstrates that strong virus inactivation effects of
arginine are not simply due to ionic strength or high con-
centration and arginine possesses a unique property that
results in irreversible damage in virus particles. Such strong
virus inactivation effects can be used in vivo for certain
superficial infectious diseases, such as genital infections.

Introduction

Viral safety is critical in development of parenteral protein
biopharmaceuticals (1,2). Low pH, detergent/solvent wash,
or moderate heating, called pasteurization, has been the main
process for virus inactivation (1,2). Thus, there is consistent

need for more effective inactivation technologies. Solvents
have been used to manipulate physical properties of proteins
in aqueous solutions (3-8). All the virus particles consist of
proteins, lipids (for enveloped viruses) and nucleic acids.
Thus, it is possible that solvents can alter the stability of
viruses through their effects on these viral components. We
have shown before that arginine, one of the natural amino
acids, enhances virus inactivation at acidic pH condition on
ice (9,10) or elevated temperature at neutral pH (11,12). This
study further investigates the effects of different solvents on
the virus inactivation as a function of pH and temperature.
We have used as a model virus herpes simplex virus, type-2,
(HSV-2), responsible for genital herpes infection (13). Such
a solvent-induced virus inactivation at elevated temperatures
may find applications for virus clearance of not only pharma-
ceutical formulations but also superficial virus infections
involving, e.g., HSV-2. In fact, detergent/solvent wash has
been used to treat superficial infectious diseases (13).

Materials and methods

Materials. L-Arginine hydrochloride (simply described as
arginine) was obtained from Ajinomoto Co. Inc. Aqueous
solutions containing arginine was prepared in 10 mM citric
acid. The pH was adjusted with HCl; 10 mM citric acid was
insufficient to titrate arginine. The pH meter was routinely
calibrated using pH calibration standards.

Cells and viruses. Vero cells were grown in Eagle's minimum
essential medium (MEM) containing 5% fetal bovine serum.
Herpes simplex virus type 2, strain 186 (HSV-2) was used
throughout the experiments. The viruses were propagated in
Vero cells in MEM supplemented with 0.5% fetal bovine
serum and stored at -80˚C until use. The amount of virus
was measured by a plaque assay on Vero cells as described
previously (14).

Assay for virucidal activity. All the starting materials were
stored on ice prior to the virus inactivation experiments. An
excess volume of solvents was mixed with the virus stock so
that the concentration and pH would not be affected: i.e., a
290 μl of the solvents containing different concentrations
of arginine or NaCl to be tested received 10 μl of virus
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preparations [~108 plaque-forming units (PFU)/ml]. This
virus preparation was incubated at the indicated temperature
for 5 or 60 min. After incubation, aliquots of these virus
samples were 100-fold diluted with ice-cold Dulbecco's
phosphate-buffered saline (PBS) without Ca2+ and Mg2+

containing 1% calf serum. The viruses were further diluted
with PBS containing 1% calf serum and the number of
infectious virus in the treated preparation was measured by a
plaque assay. There was little virus inactivation in PBS and
hence the amount of infectious virus in PBS was close to
constant.

Results and Discussion

As a pH titration control solvent, 0.1 M citrate was used.
This is a common solvent used to titrate the protein solution
for the purpose of the virus inactivation. Acid titration curve
of HSV-2 incubated on ice for 60 min is shown in Fig. 1A
(open triangle). A slight, but significant degree of the virus
inactivation occurred between pH 4.2 and 4.6. There is ~80%
reduction in virus yield, a significant number in normal scale,
but not in the Log scale (as plotted in Fig. 1A). A sharp
decrease in the virus yield was observed below pH 4.2. In
fact, there was 5-Log reduction at pH 4.0 and undetectable
virus yield at pH 3.8. Thus, the virus infectivity decreases by
more than 4-Log within a pH unit of 0.4 (4.2-3.8). This is
most likely due to titration of carboxyl groups on viral proteins
that generates positively charged surface of virus particles
and, as a consequence, leads to irreversible damage in the
viruses.

Similarly, a slight virus inactivation occurred in the
presence of 0.7 M arginine, but at a slightly higher pH; i.e.,
about 1-Log reduction in virus infectivity was observed
between pH 4.6 and 5.0 (Fig. 1A, open circle), about 0.4 pH
unit higher than in 0.1 M citrate. Below pH 4.6, a sharp
decrease in the virus yield was observed, leading to an over
5-Log reduction at pH 4.2. At this pH, the effect of 0.1 M
citrate was less than 1-Log reduction, indicating over 4-Log

difference in the ability to kill virus between 0.1 M citrate
and 0.7 M arginine at pH 4.2. In addition, 6-Log reduction
was achieved at pH 3.8 by 0.1 M citrate, which was 0.4 pH
unit lower than 0.7 M arginine. It is thus evident that 0.7 M
arginine synergizes with acidic pH for inactivating HSV-2. It
should be noted that 0.7 M arginine alone has little virus
inactivation effects above pH 5.0 on ice.

Arginine is a monovalent or divalent cation depending on
the pH. Therefore, it is possible that higher ionic strength of
0.7 M arginine contributed to the observed stronger virus
inactivation by this solvent. The addition of 0.6 M NaCl to
0.1 M citrate resulted in little change in the virus inactivation
(compare solid triangle with open triangle), suggesting that
the ionic strength plays little role in the virus inactivation: two
curves nearly overlap with each other as shown in Fig. 1.
Increasing citrate concentration to 0.7 M and resultant higher
ionic strength showed weaker virus inactivation than 0.1 M
citrate, as the pH titration curve shifted to lower pH for 0.7 M
citrate. For example, reduction in the virus infectivity was 60%
by 0.7 M citrate and 90% in 0.1 M citrate at pH 4.2, or more
than 4-Log reduction occurred at pH 4.0 in 0.1 M citrate while
the same degree of reduction occurred at approximately pH
3.85 in 0.7 M citrate. Thus, it is clear that 0.7 M citrate has
lower virus inactivation potency than 0.1 M citrate with and
without 0.6 M NaCl.

Above conditions, i.e., 60-min exposure to the solvent on
ice, is far from the condition that can be used for in vivo
application of arginine solution. Both acidic pH and arginine
concentration may not be maintained that long due to secretion
of body fluid. Therefore, we next examined the effects of
temperature for a shorter exposure time of 5 min. As a
starting point, the effects of 5-min exposure on ice are
shown in Fig. 1B. It is apparent that the pH titration curve is
shifted to lower pH for the 5-min exposure than the 60-min
incubation. This resulted in decrease in pH required for 4-Log
reduction in virus yield; i.e., ~0.2 unit lower pH was required
to achieve the same level of virus inactivation when the
incubation time one ice was reduced from 60 to 5 min; namely,
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Figure 1. Inactivation of HSV-2 on ice as a function of pH. The virus was incubated with an excess volume of solvents on ice for 60 min (A) or 5 min (B).
Number of infectious virus was determined by a plaque assay after the incubation. Δ, 0.1 M citrate; ‡, 0.7 M arginine; ▲, 0.1 M citrate plus 0.6 M NaCl;
∫, 0.7 M citrate.
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reducing the incubation time from 60 to 5 min resulted in
decreased the virus inactivation.

Increasing temperature enhanced the virus inactivation as
shown in Fig. 2 (from upper left corner to lower right corner, on
ice, 10, 20, 30, 35 and 40˚C), in which some temperature sets
have no data for 0.7 M citrate. Comparison of these panels
indicate that as the temperature was increased, the pH titration
curve for each solvent shifted to higher pH, meaning that the
same degree of virus inactivation can be achieved at higher
pH when higher incubation temperature was used. Glancing

through the data, it is evident that at any temperature the pH
titration curve of 0.7 M arginine showed the highest pH and
0.7 M citrate showed the lowest, demonstrating that arginine
is most effective and 0.7 M citrate is least effective at any
temperature. It appears that at low temperature the addition
of 0.6 M NaCl appears to enhance the effect of 0.1 M citrate,
while it is opposite at higher temperature (compare the open
triangle with the solid triangle at each panel). Thus, at higher
temperature the addition of 0.6 M NaCl apparently suppressed
the virus inactivation by 0.1 M citrate. It is also evident that
at higher temperature the effects of 0.1 M citrate approach
the level of virus inactivation obtained by 0.7 M arginine (see
Fig. 2, 35 and 40˚C).

The effects of temperature for each solvent are more
clearly seen in Figs. 3 and 4. Fig. 3 shows the pH required to
achieve 3-Log reduction at different temperature for each
solvent. In this plot, the higher the pH, the stronger the
solvent is in the virus inactivation. It is thus expected that the
effective virus inactivation pH for each solvent increases
with the temperature. It appears that the pH that causes 3-Log
reduction in 0.1 M citrate is relatively constant at 3.9 between
0 and 20˚C and sharply increases above 20˚C from 3.9 at
20˚C to 4.4 at 40˚C (open triangle). At 0˚C, the addition of
0.6 M NaCl increased the pH from 3.9 to 4.0 (solid triangle),
meaning that the addition of NaCl enhanced virus inactivation,
as described in Fig. 2. It is interesting that in the presence of
0.6 M NaCl, the pH decreases with temperature from 4.0 at
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Figure 2. Inactivation of HSV-2 at different temperature. The virus was incubated with an excess volume of solvents for 5 min at various temperature.
Number of infectious virus was determined by a plaque assay after the incubation. Δ, 0.1 M citrate; ‡, 0.7 M arginine; ▲, 0.1 M citrate plus 0.6 M NaCl;
∫, 0.7 M citrate.

Figure 3. Plot of the pH that shows 3-Log reduction as a function of
temperature.
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0˚C to 3.9 at 20˚C, meaning that increase in temperature
actually reduces the virus inactivation effects of 0.1 M citrate
plus 0.6 M NaCl. In other words, it appears that temperature
increase suppresses the effects of the solvent. Above 20˚C,
increase in the pH is modest for this solvent, indicating that
there is not much dependence of the effect of this solvent on
temperature. The pH increased only to 4.05 at 40˚C. The effect
of temperature on the virus inactivation by 0.7 M citrate is
small from 3.9 at 0˚C to 3.95 at 30˚C. Conversely, the pH is
consistently higher for 0.7 M arginine than other solvents at
any temperature. The pH increased from 3.95 at 0˚C to 4.5 at
40˚C. As shown in Fig. 3, however, the pH becomes similar
to that achieved by 0.1 M citrate at 40˚C, meaning that, at such
high incubation temperature, 0.1 M citrate is nearly equally
effective to 0.7 M arginine.

Fig. 4 shows the Log reduction value at pH 4.4 as a
function of temperature for each solvent. At this pH, 0.1 M
citrate has little inactivation effect up to 20˚C, above which
Log reduction value sharply increases to 3.5 at 40˚C. The
trend is similar with 0.7 M arginine, except that this solvent
has ~10-fold higher potency than 0.1 M citrate at 35 and
40˚C. Conversely, the addition of 0.6 M NaCl or 0.6 M citrate
to 0.1 M citrate suppressed the potency of 0.1 M citrate at
higher temperature, as shown by Log reduction value of nearly
0 even at 35-40˚C.

Proteins undergo acid-induced conformational changes or
structure destabilization. Figs. 3 and 4 show that 0.1 M
citrate and elevated temperature induce destabilization of
virus particles, resulting in irreversible inactivation, most likely
reflecting conformational changes of viral proteins, although
the effects on other viral components and their interactions
cannot be excluded. Arginine at 0.7 M enhances such
destabilization, as seen in the increased virus inactivation,
which can be explained from its salting-in effects (4,7,15,16).
Namely, arginine does appear to synergize with low pH and
elevated temperature to enhance conformational changes of
the viral proteins. On the contrary, higher citrate concentration
or the addition of 0.6 M NaCl offsets the destabilization
effects of low pH, resulting in stabilization of the virus. This
can be explained from the stabilizing and salting-out effects
of citrate and NaCl (17-19).

We have shown here and before that arginine-containing
solvents synergize with pH and temperature for virus
inactivation (9-11). Such enhanced virus inactivation by acidic
arginine may be used to inactivate viruses for pharmaceutical
proteins. Considering the established safety of arginine in
human use, the observed inactivation of HSV-2, which causes
superficial genital herpetic infections (13), may find potential
topical applications. Namely, there is high degree of HSV-2
inactivation at 30˚C or higher temperature, close to body
surface temperature, in mildly acidic arginine solution of
pH 4.0-4.5. Such solvent conditions may be sufficient to kill
viruses at the site of superficial infections. A preliminary
study showed that acidic arginine solution resulted in
significant suppression of epithelial keratitis caused by herpes
simplex virus type 1 infection in the rabbit eye model (Naito
et al, unpublished data).

Certain antiviral agents, e.g., phenoxazine derivatives
(20) and gallate derivatives (21), can directly inactivate
viruses (13), as does arginine or detergent/solvent wash.
These antiviral agents exert virucidal effects at ~μM range,
~106-fold lower concentrations than the effective arginine
concentration of 0.3-1.0 M (10-12, this study). The observed
difference in effective concentration reflects difference in
affinity for their target sites (see Fig. 5 for schematic
illustration). Regardless of which viral components arginine
binds, it has much lower affinity. On the contrary, the antiviral/
virucidal agents have much higher affinity for their target sites.
Such a high affinity binding, while leading to a strong virus
inactivation at low concentrations, has some disadvantages,
including generation of drug-resistant viruses and cell
toxicities. Intrinsic to high affinity is the specific binding of
the antiviral drugs, a main cause of drug-resistant viruses. Due
to their hydrophobic properties, they readily penetrate the
cell membrane (Fig. 5) and may interfere with certain cellular
metabolic processes, a potential cause of cell toxicities.
Conversely, arginine weakly interacts with viruses, leading to
irreversible virus inactivation, but such a weak binding to cells,
when applied in vivo, is most likely reversible and hence
less toxic. More importantly, weak binding is reflected on
non-specific binding, meaning that arginine may bind to and
damage multiple sites on viruses. Such multiple actions of
arginine-induced virus inactivation are unlikely to generate
arginine-resistant viruses, as it would require mutations of
excessively large number of genes.
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Figure 4. Plot of Log reduction value at pH 4.4 for each solvent as a function
of temperature.

Figure 5. Schematic illustration of virucidal effects of antiviral/virucidal agent
and arginine.
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