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High-pressure processing (HPP) is a nonthermal technology that has been shown to effectively inactivate a
wide range of microorganisms. However, the effectiveness of HPP on inactivation of viruses is relatively less
well understood. We systematically investigated the effects of intrinsic (pH) and processing (pressure, time,
and temperature) parameters on the pressure inactivation of a nonenveloped virus (human rotavirus [HRV])
and two enveloped viruses (vesicular stomatitis virus [VSV] and avian metapneumovirus [aMPV]). We
demonstrated that HPP can efficiently inactivate all tested viruses under optimal conditions, although the
pressure susceptibilities and the roles of temperature and pH substantially varied among these viruses
regardless of the presence of a viral envelope. We found that VSV was much more stable than most food-borne
viruses, whereas aMPV was highly susceptible to HPP. When viruses were held for 2 min under 350 MPa at
4°C, 1.1-log, 3.9-log, and 5.0-log virus reductions were achieved for VSV, HRV, and aMPV, respectively. Both
VSV and aMPV were more susceptible to HPP at higher temperature and lower pH. In contrast, HRV was
more easily inactivated at higher pH, although temperature did not have a significant impact on inacti-
vation. Furthermore, we demonstrated that the damage of virion structure by disruption of the viral
envelope and/or capsid is the primary mechanism underlying HPP-induced viral inactivation. In addition,
VSV glycoprotein remained antigenic although VSV was completely inactivated. Taken together, our
findings suggest that HPP is a promising technology to eliminate viral contaminants in high-risk foods,
water, and other fomites.

High-pressure processing (HPP) is a nonthermal pasteuri-
zation technology that uses pressure instead of thermal energy
to inactivate harmful pathogens. In the food industry, HPP has
been used to inactivate food-borne infectious agents (such as
bacteria, viruses, fungi, protozoa, and prions) and proteins
(such as enzymes, allergens, and toxins) (2, 3, 6, 9). The pri-
mary advantage of HPP is that it has minimal effect on the
organoleptic and nutritional properties of foods compared to
other processing methods, since the treatment does not disrupt
the covalent bonds stabilizing the structure of micronutrients
as well as color and flavor compounds (3, 5, 23, 39). In addi-
tion, since pressure acts instantaneously and uniformly
throughout the pressure vessel, the structure and texture of
many high-moisture foods are minimally affected. In today’s
modern society, consumers are increasingly demanding food
products that are minimally processed and free of preserva-
tives. Thus, HPP is becoming a widely used nonthermal pro-

cessing technology that can ensure food safety, food quality,
shelf-life extension, and nutritional value.

Despite the extensive research on the inactivation of bacte-
rial pathogens by HPP, the inactivation of viruses by HPP is
less well understood. With regard to applications in the area of
food safety, HPP studies have focused on food- and water-
borne viruses, including human norovirus, rotavirus, sapovirus,
astrovirus, adenovirus, poliovirus, enterovirus 71, and hepatitis
A virus (HAV), all of which are nonenveloped viruses (24, 25,
31–35). It is known that these viruses are highly stable in food,
water, and other fomites (12, 14, 17, 18, 36, 37). Interestingly,
the susceptibilities of food- and waterborne viruses are highly
diverse when they are treated with HPP despite their high
similarities in virion structure, protein composition, and ge-
netic material (24, 51). Poliovirus, a picornavirus, is extremely
resistant to HPP, with less than a 1-log virus reduction
achieved after treatment at 600 MPa for 1 h (19, 42, 51).
Conversely, HAV, another picornavirus, is quite sensitive to
HPP under acidic conditions, with more than a 5-log virus
reduction observed after treatment at 350 MPa for 2 min
(31–33). Additionally, virus inactivation is dependent upon
both process-related parameters (pressure, temperature, and
time) and product-related parameters (pH, salt, water activity,
and food matrix composition) (31–35, 39). The effect of certain
parameters on viral survival is predictable. For example, virus
inactivation is enhanced when pressure and holding time are
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increased (8, 10, 11, 39, 47), and food matrices can in most
instances protect virus particles from inactivation (11, 39).
However, parameters such as temperature and pH may have
more variable or completely opposite roles in inactivating vi-
ruses. Murine norovirus 1 (MNV-1), a surrogate for unculti-
vable human norovirus, was more efficiently inactivated at a
cooler temperature (4°C) than at ambient temperature (20°C)
(39). In contrast, inactivation of HAV was favored at ambient
and higher temperature (31–33). Moreover, MNV-1 was more
sensitive to HPP at neutral pH than at acidic pH (39), whereas
inactivation of HAV was enhanced at acidic pH (31). Previ-
ously, it was shown that 8 log10 50% tissue culture infective
doses (TCID50)/ml of rotavirus reduction was achieved after
treatment with 300 MPa for 2 min at 25°C (30). In addition,
pressure treatment of simian rotavirus SA11 at 250 MPa for 20
min resulted in a 104-fold decrease in the infectivity (45).
However, factors influencing pressure inactivation of rotavirus
have not been studied. To date, the mechanism by which tem-
perature and pH govern the sensitivity of viruses to HPP is yet
to be elucidated.

In comparison with nonenveloped viruses, the sensitivity of
enveloped viruses to HPP is less well understood. Although
most enveloped viruses are not food borne, a better under-
standing of the inactivation of enveloped viruses would help to
identify the optimal processing parameters, which can facilitate
many other important applications of HPP such as preparation
of inactivated vaccines. To date, there are only a few studies on
high-pressure inactivation of enveloped viruses (20, 22, 27, 41,
49). For example, the titers of herpes simplex virus 1 (HSV-1)
and human cytomegalovirus (HCMV) were reduced by more
than 7 and 4 logs, respectively, after treatment at 300 MPa at
25°C for 10 min (41). Additionally, a pressure of 260 MPa held
for 12 h at 20°C reduced 4 logs of vesicular stomatitis virus
(VSV) (49). However, no study that directly compared the
pressure sensitivities of nonenveloped and enveloped viruses
has been reported. Furthermore, the influence of temperature
and pH on the inactivation of enveloped viruses has not been
investigated.

The objective of this study is thus to systematically investi-
gate the effects of extrinsic (pressure level, holding time, and
treatment temperature) and intrinsic (pH) parameters on the
inactivation of a nonenveloped virus (human rotavirus [HRV])
and two enveloped viruses (VSV and avian metapneumovirus
[aMPV]) in aqueous media. VSV and aMPV were the two
targets of choice because they both belong to nonsegmented
negative-sense RNA viruses and share many common charac-
teristics in terms of virion structure, replication, and gene ex-
pression strategy.

MATERIALS AND METHODS

Viruses and cell lines. Human rotavirus (HRV) strain WA (ATCC, Manassas,
VA) was propagated in rhesus monkey kidney cells (MA-104), which were grown
in Eagle’s minimum essential medium (MEM) (ATCC) supplemented with 10%
non-heat-inactivated fetal bovine serum (FBS) (Invitrogen, Carlsbad, CA). Con-
fluent monolayers of MA-104 cells were washed with serum-free MEM and
infected by HRV at a multiplicity of infection (MOI) of 1. After 1 h of incubation
at 37°C under a 5% CO2 atmosphere, 15 ml of Eagle’s MEM supplemented with
2% FBS and 6 �g/ml of trypsin (Invitrogen) was added. Virus was harvested after
48 h postinoculation by three freeze-thaw cycles followed by low-speed centrif-
ugation at 1,500 � g for 15 min. Vesicular stomatitis virus (VSV) strain Indiana
was a generous gift from Sean Whelan at Harvard Medical School (38), and

avian metapneumovirus (aMPV) subtype C strain Minnesota was kindly pro-
vided by Mo Saif at The Ohio State University (1). VSV and aMPV were
propagated in BHK cells and Vero-E6 cells, respectively. Briefly, both cells were
cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM) (Invit-
rogen) supplemented with 10% FBS. Confluent cells were infected with VSV and
aMPV at MOIs of 0.01 and 1, respectively. Viruses were harvested when exten-
sive cytopathic effect was observed.

Viral plaque assay. Viral plaque assays were performed as described by Lou et
al. with minor modifications (39). HRV plaque assay was performed in MA-104
cells. VSV and aMPV plaque assays were conducted in Vero-E6 cells. Briefly,
cells were seeded into six-well plates (BD, Franklin Lakes, NJ) at a density of 2 �
106 cells per well. After 24 h of incubation, cell monolayers were infected with
400 �l of a 10-fold dilution series of each virus, and the plates were incubated for
1 h at 37°C, with agitation every 10 min. The cells were overlaid with 2.5 ml of
Eagle minimum essential medium (MEM) containing 1% agarose, 2% FBS, 1%
sodium bicarbonate, 0.1 mg of kanamycin/ml, 0.05 mg of gentamicin/ml, 15 mM
HEPES (pH 7.7), and 2 mM L-glutamine. Additionally, HRV and aMPV plaque
assays were performed in the presence of 2.5 �g/ml trypsin and 1 �g/ml actino-
mycin D, respectively. Incubation periods for HRV, VSV, and aMPV were 3, 2,
and 6 days, respectively. The plates were fixed in 10% formaldehyde, and the
plaques were visualized by staining with 0.05% (wt/vol) crystal violet.

Purification of VSV and HRV. Purification of VSV was performed as described
previously (38, 40). Briefly, large stocks of VSV were generated by an infection
of 10 confluent T150 flasks of BHK cells. After 24 h postinfection, the cell lysate
containing the virus and cell debris was harvested by centrifugation at 1,500 � g
for 30 min. Virus was then concentrated by ultracentrifugation in a Ty50.2 rotor
(Beckman Coulter, Fullerton, CA) at 40,000 � g for 90 min at 4°C. The pellet
was resuspended in 300 �l of NTE buffer (100 mM NaCl, 10 mM Tris, 1 mM
EDTA, pH 7.4) and further purified through a 10% (wt/vol) sucrose NTE
cushion by centrifugation for 1 h at 150,000 � g at 4°C in an SW50.1 rotor
(Beckman). The final VSV-containing pellet was resuspended in 300 �l of NTE
buffer overnight. The virus titer and protein content were measured by the
plaque assay and Bradford reagent (Sigma Chemical Co.), respectively.

Cell culture-derived rotavirus preparations contain a mixture of double-lay-
ered particles (DLPs) and triple-layered particles (TLPs). Purification of HRV
TLPs and DLPs was performed as described by Benureau et al (4). Briefly, a
large stock of HRV was grown in 8 flasks of confluent MA-104 cells as described
above. Virus was harvested by three freeze-thaw cycles, followed by low-speed
centrifugation (1,500 � g) for 30 min. The supernatant was purified by ultracen-
trifugation through a 40% (wt/vol) sucrose cushion for 5 h at 82,000 � g at 4°C
in a Ty50.2 rotor (Beckman). TLPs and DLPs were separated by CsCl isopycnic
gradient (1.37 g/ml) ultracentrifugation (115,000 � g, 18 h, 4°C, in an SW50.1
rotor). The upper (TLPs) and lower (DLPs) bands were collected separately and
suspended in TNC buffer (0.05 M Tris-HCl, 0.15 M NaCl, 15 mM CaCl2, pH 6.5).
After centrifugation at 68,000 � g for 2 h, the final TLP- or DLP-containing
pellet was resuspended in 300 �l of NTE buffer overnight.

Pressure inactivation of viruses. One-milliliter aliquots of each virus (106

PFU/ml of HRV and aMPV; 108 PFU/ml of VSV) in cell culture medium were
packaged in sterile polyethylene stomacher pouches (Fisher Scientific Interna-
tional, Ontario, Canada) and double sealed in a larger pouch to avoid leakage
using an Impulse sealer (American International Electric, Whittier, CA). Pres-
surization of samples was carried out in a high-pressure unit with temperature
control (model Avure PT-1; Avure Technologies, Kent, WA) using water as
hydrostatic medium. The virus samples were treated at a range of pressure levels
from 200 MPa to 550 MPa at different temperatures (4°C and 20°C) for holding
times ranging from 2 min to 10 min. The holding time for all the HPP treatments
reported in this study did not include the pressure come-up time (approximately
22 MPa/s) and release time (�4 s). All the temperatures referred to here were
the initial sample temperatures. The temperature and pressure during processing
were monitored and recorded (Dasytec USA, Bedford, NH). The surviving
viruses after processing were quantified by viral plaque assay, and the inactiva-
tion kinetics for each virus was determined.

To determine the effect of pH on viral inactivation by HPP, DMEM was
artificially adjusted to pH 4.0 and pH 7.0 using citric acid and then filtered with
a 0.22-�m membrane filter. The final virus concentration in the pH-adjusted
medium was approximately 106 PFU/ml. For HRV and aMPV, samples were
pressurized at 250 MPa and 300 MPa at 4°C. For VSV, samples were pressurized
at 450 MPa and 550 MPa at 20°C. The holding time for all treatments was 2 min.
After pressurization, virus survivors were quantified by plaque assay.

Transmission electron microscopy. Purified VSV suspensions were treated at
550 MPa and 4°C for 8 min and 10 min, while purified HRV was subjected to 450
MPa at 4°C for 2 min. Twenty microliters of either HPP-treated or untreated
samples was fixed in copper grids (Electron Microscopy Sciences, Inc.) and
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negatively stained with 1% ammonium molybdate. The VSV and HRV particles
were visualized with an FEI Tecnai G2 Spirit transmission electron microscope
(TEM) operated at 80 kV at the Microscopy and Imaging Facility at The Ohio
State University. Images were captured by a MegaView III side-mounted charge-
coupled device (CCD) camera (Soft Imaging System, Lakewood, CO).

Analysis of viral proteins by SDS-PAGE. The proteins of VSV and HRV
before and after HPP treatment were analyzed by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis (SDS-PAGE). Four microliters of each virus
suspension was diluted 5-fold in SDS-PAGE loading buffer containing 1% SDS,
2.5% �-mercaptoethanol, 6.25 mM Tris-HCl (pH 6.8), and 5% glycerol and
boiled for 5 min. Viral proteins were separated on a 12% polyacrylamide gel,
followed by Coomassie blue staining.

Western blotting. VSV proteins were separated by 12% SDS-PAGE as de-
scribed above and further transferred onto a Hybond ECL nitrocellulose mem-
brane (Amersham, Piscataway, NJ) in a Trans-Blot semidry electrophoretic
transfer cell (Bio-Rad, Hercules, CA). The blots were blocked in 5% skim milk
in PBST (phosphate-buffered saline supplemented with 0.02% Tween) and in-
cubated with mouse monoclonal anti-VSV glycoprotein (G) antibody (Sigma-
Aldrich) at a dilution of 1:5,000 in blocking buffer. Afterwards, the blot was
incubated with horseradish peroxidase (HRP)-conjugated anti-mouse IgG sec-
ondary antibody (1:100,000 dilution). After being washed in PBST for three
times (15 min each time), the blots were developed with SuperSignal West Pico
chemiluminescent substrate (Thermo Scientific, Pittsburgh, PA) and exposed to
Kodak BioMax MR film (Kodak, Rochester, NY).

RT-PCR. Purified VSV was treated at 550 MPa and 20°C for 8 min and 10 min,
respectively. Purified HRV TLPs and DLPs were treated at 450 MPa at 4°C for
2 min. A viral plaque assay was performed to confirm the complete inactivation
of VSV and HRV. The samples were digested with 10 units of RNase at 37°C for
1 h. Viral genomic RNA was extracted from 10 �l of each virus suspension
(either HPP treated or untreated) using an RNeasy minikit (Qiagen, Valencia,
CA) according to the manufacturer’s instructions. Reverse transcription-PCR
(RT-PCR) was performed using a One Step RT-PCR kit (Qiagen). Based on the
sequence of VSV strain Indiana (GenBank accession no. K02033.1), two primers
(5�-ATGTCTGTTACAGTCAAGAG-3� and 5�-TCATTTGTCAAATTCTGA
C-3�) were designed to amplify the VSV N gene. Based on the genomic sequence
of HRV strain WA (GenBank accession no. FJ423132), two primers (5�-GAG
AGAATTTCCGTCTGGCTAA-3� and 5�-CTTGCCACCACTTTTTCCAAT-
3�) were designed to amplify the full-length genomic segment carrying the HRV
VP7 gene. The PCR products were analyzed by 1% agarose gel electrophoresis.

Statistical analysis. All experiments were performed in triplicate. Virus titer
was expressed as mean log titer � standard deviation. Statistical analysis was
performed by one-way multiple comparisons using SPSS 8.0 statistical analysis
software (SPSS Inc., Chicago, IL). A P value of �0.05 was considered statistically
significant.

RESULTS

The effects of temperature and pH on pressure inactivation
of HRV. Eagle’s MEM was inoculated with HRV at the final
concentration of 106 PFU/ml and then processed under differ-
ent pressures (200 to 450 MPa) and temperatures (4°C and
20°C) for 2 min. As shown in Fig. 1A, similar HRV inactivation
kinetics were observed at the two temperatures. The inactiva-
tion curves resulting from the pressure treatment appeared
quadriphasic, showing (i) a shoulder or an initial lag, (ii) a
concave downward slope for the intermediate pressure levels,
(iii) a flat tail, and (iv) a second downward slope. HRV was
rapidly inactivated in the pressure range of 200 to 300 MPa,
reducing the titer to 1 to 2 logs, although viral inactivation
became less efficient at pressures ranging from 300 to 450 MPa.
Approximately a 5-log virus reduction was observed under 400
MPa at either 4 or 20°C. Viruses were completely inactivated
(below the limit of detection by plaque assay) when the pres-
sure increased to 450 MPa for 2 min. Interestingly, tempera-
ture did not significantly affect the effectiveness of HRV inac-
tivation throughout the tested pressure range (P � 0.05),
although higher temperature (20°C) slightly enhanced HRV
inactivation when the pressure level was above 250 MPa. These
results demonstrate that (i) HRV can be effectively inactivated
by HPP and (ii) temperature plays a minor role in the inacti-
vation of HRV.

The pH value is a critical parameter that affects the effec-
tiveness of pathogen inactivation by HPP (31, 39). Thus, we
evaluated the survival of HRV at pH 4.0 and pH 7.0 under two
different pressures (250 and 300 MPa). As shown in Fig. 1B,
HRV was more easily inactivated at neutral pH than at acidic
pH during HPP under both tested pressure levels (P � 0.05).
At 250 MPa, 3.4- and 1.2-log virus reductions were observed at
pH 7.0 and pH 4.0, respectively. Similarly, at 300 MPa, 4.1 log
PFU/ml of HRV lost infectivity at pH 7.0, which was signifi-
cantly higher than the value at pH 4.0 (1.9 logs) (P � 0.05).

FIG. 1. Effects of temperature and pH on pressure inactivation of HRV in aqueous medium. (A) The effect of temperature on HRV
inactivation. HRV stock (106 PFU/ml) in cell culture medium (MEM) was processed under pressures ranging from 200 MPa to 450 MPa held for
2 min at either 4°C or 20°C. (B) The effect of pH on HRV inactivation. HRV stock (105.5 PFU/ml) in MEM was adjusted to pH 4.0 or 7.0 using
citric acid. Samples were subjected to pressure treatment at 250 MPa and 300 MPa held for 2 min at 4°C. The surviving viruses were determined
by plaque assay. Data are the means of three replicates. Error bars represent standard deviations.
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Overall, HRV was more sensitive to HPP at neutral pH in
aqueous medium.

The effects of temperature and pH on pressure inactivation
of VSV. To compare the stabilities of enveloped and nonen-
veloped viruses to HPP, we evaluated the efficacy of HPP in
inactivating VSV, an enveloped virus. Figure 2 represents the
survival of VSV after high-pressure treatment. Surprisingly,
VSV was much more resistant to HPP than were most of the
nonenveloped viruses reported previously (31–35, 39). For ex-
ample, only 1.1- to 1.5-log virus reductions were achieved for
VSV at the pressure range of 350 to 550 MPa for 2 min at 4°C
(Fig. 2A). Less than an 0.5-log virus reduction was observed at
a pressure level below 350 MPa under the same conditions
(data not shown). In contrast, similar treatment conditions
under 400 MPa brought more than 5-log virus reductions for
MNV-1, feline calicivirus (FCV), HAV, and HRV (31–35, 39).
We also evaluated the effect of temperature on inactivation of
VSV by HPP. As shown in Fig. 2A, VSV was more easily
inactivated at 20°C than at 4°C (P � 0.05). At 550 MPa held for
2 min, 1.5- and 3.4-log reductions of VSV were observed at 4°C
and 20°C, respectively. Since VSV is highly resistant to HPP,
we increased the HPP holding time to improve the efficacy of
VSV inactivation. As shown in Fig. 2B, virus inactivation was
enhanced when the holding time was extended. Specifically,
approximately a 5-log reduction of VSV was achieved upon
treatment at 550 MPa for 4 min. VSV was completely inacti-
vated when HPP holding time was increased to 10 min. Taken
together, these results demonstrate that (i) VSV, an enveloped
virus, is much more resistant to HPP than are most food-borne
viruses (such as HRV and HAV) which are nonenveloped and
(ii) VSV is more easily inactivated at 20°C than at 4°C.

Subsequently, we determined the role of pH in VSV inacti-
vation by HPP (Fig. 2C). Briefly, VSV was inoculated into
DMEM at pH 4.0 and pH 7.0 and subjected to HPP at two
different pressures (450 and 550 MPa). At 450 MPa, there was
no significant difference in VSV survival between pH 4.0 and
pH 7.0 (P � 0.05). However, at 550 MPa, VSV was more easily
inactivated at pH 4.0 (5.7-log reduction) than at pH 7.0 (4.0-log

reduction) (P � 0.05). It appears that VSV is more sensitive to
HPP at acidic pH than at neutral pH (P � 0.05). However, we
also noticed that VSV was unstable in an acidic environment.
A 1-log virus reduction was observed when the unpressurized
VSV control was incubated in DMEM at pH 4.0 for 24 h at
4°C. Therefore, the virus suspended in an acidic medium could
have been more easily sensitized to inactivation at higher pres-
sure.

The effects of temperature and pH on pressure inactivation
of aMPV. To further investigate the impact of HPP on enve-
loped viruses, the pressure inactivation kinetics of aMPV, an-
other enveloped virus, was determined. In contrast to VSV,
aMPV was found to be quite barosensitive (Fig. 3A). Approx-
imately a 5.1-log virus reduction was achieved upon treatment
at 350 MPa at 4°C for 2 min (Fig. 3A), whereas the same
treatment reduced VSV by only 1.1 logs (Fig. 2A). Further-

FIG. 2. Effects of temperature, time, and pH on pressure inactivation of VSV in aqueous medium. (A) The effect of temperature on VSV
inactivation. VSV stock (108 PFU/ml) in DMEM was treated at 350 MPa, 450 MPa, and 550 MPa for 2 min at either 4°C or 20°C. (B) The effect
of pressure holding time on VSV inactivation. VSV was pressure treated at 350 MPa, 450 MPa, and 550 MPa at 20°C for 4, 6, 8, and 10 min. (C) The
effect of pH on VSV inactivation. The pH value of medium was adjusted to pH 4.0 or 7.0 using citric acid, and VSV samples were subjected to
pressure treatments at 450 MPa and 550 MPa at 20°C for 2 min. The survival of VSV was quantified by plaque assay. Data are the means of three
replicates. Error bars represent standard deviations.

FIG. 3. Effects of temperature and pH on pressure inactivation of
aMPV in aqueous medium. (A) The effect of temperature on aMPV
inactivation. aMPV stock (106 PFU/ml) in DMEM was treated at
pressures ranging from 200 MPa to 350 MPa at either 4°C or 20°C for
2 min. (B) The effect of pH on aMPV inactivation. aMPV samples at
either pH 4.0 or pH 7.0 were processed at 250 MPa and 300 MPa at
4°C for 2 min. The surviving viruses were determined by plaque assay.
Data are the means of three replicates. Error bars represent standard
deviations.
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more, inactivation of aMPV was significantly enhanced at 20°C
in comparison to 4°C within the pressure range of 200 MPa to
350 MPa (P � 0.05). After treatment at 300 MPa, a 4.9-log
reduction was observed at 20°C, while the corresponding re-
duction at 4°C was about 3.5 logs. Thus, our findings on the
pressure inactivation of enveloped viruses suggest that differ-
ent enveloped viruses have different susceptibilities to HPP,
although both VSV and aMPV were more easily inactivated at
ambient temperature than at a colder temperature. Overall,
the behaviors and responses of different viruses to HPP appear
to be independent of the presence of envelopes.

The effect of pH on inactivation of aMPV was also deter-
mined. As shown in Fig. 3B, aMPV is much more sensitive at
pH 4.0 than at pH 7.0 under both 250 MPa and 300 MPa. At
the pressure of 300 MPa, aMPV in acidic medium was com-
pletely inactivated, while 3.5 logs of virus survivors were still
detected after the same treatment at pH 7.0. Moreover, aMPV
was considerably more stable in an acidic environment, under-
going no significant reduction in the virus titer at pH 4.0 during
incubation of untreated samples (P � 0.05). Taken together,
these data support the notion that the combined action of HPP
and acidity can deliver a synergistic effect on inactivation of
aMPV.

HPP damages virus particles. To determine the mechanism
of virus inactivation by HPP, we analyzed the pressurized virus
particles by electron microscopy (EM). Briefly, highly purified
VSV samples (1010 PFU/ml) were treated under 550 MPa at
20°C for 8 min and 10 min separately. While approximately 1
log of VSV remained infectious after 8 min of pressurization,
VSV was completely eliminated after 10 min of treatment. The
samples were negatively stained with ammonium molybdate,
and the virus particles were observed by EM. In the absence of
pressurization, the VSV virion is a bullet-shaped particle that
is approximately 70 nm in diameter and 140 nm in length (Fig.
4A). After treatment with HPP for 8 min, the morphology of
VSV particles was severely distorted. Most virions were round
rather than bullet shaped and appeared as dense aggregates.
The viral envelope was disrupted and less well defined (Fig.
4B). As expected, more severe damage was observed when the
treatment time was extended to 10 min. Indeed, we failed to
detect any intact VSV virion after a 10-min treatment (Fig.

4C). The integrity of the viral envelopes was completely lost,
and the viral nucleocapsid-genomic RNA (N-RNA) complex
leaked out of the damaged particles. In addition, a large
amount of debris was observed. These observations indicate
that the VSV structure and envelope are completely disrupted
by HPP.

The native infectious rotavirus virions, termed triple-layered
particles (TLPs), are composed of three concentric layers of
proteins and 11 segments of double-stranded RNA (16). The
outermost layer of the virion is comprised of two proteins, VP4
and VP7. VP4 forms dimeric spikes that project from the
surface of the virion. The middle layer is comprised of VP6.
The innermost layer is composed of three proteins, VP1, VP2,
and VP3. During infection, HRV also produces subviral par-
ticles, termed the double-layered particles (DLPs), which are
composed of two protein capsid layers: an outer layer of VP6
and an inner core of VP, VP2, and VP3 (16). To determine the
damage to HRV by HPP, TLPs and DLPs were separated by
using CsCl gradient ultracentrifugation. The highly purified
TLPs and DLPs were treated at 450 MPa at 4°C for 2 min, and
virus particles were visualized by EM. The geometry of intact
rotavirus TLPs is wheel shaped with characteristic radiating
spokes, smooth edges, and a diameter of approximately 70 to
75 nm (Fig. 5A). After HPP, no intact wheel-like particles were
observed. Instead, a large number of DLPs, core particles
(single-layered particles), “ring-shaped” particles, and capsid
debris were found (Fig. 5B). This result suggests that the out-
ermost and middle layer capsids are disassociated from TLPs
and virus particles are disrupted by HPP. The intact DLPs
lacking the outer layer are smaller (60 to 65 nm) with rough
edges (Fig. 5C). Pressure treatment of DLPs resulted in a large
number of broken particles mixed with capsid debris (Fig. 5D).
Additionally, some empty particles were observed, indicating
possible leakage from the inner core of DLPs after HPP.
Taken together, these findings strongly suggest that HPP-in-
duced structural disruption of the virus particles is the under-
lying mechanism of viral inactivation.

The effect of HPP on viral proteins. To determine whether
HPP disrupted viral structural proteins, we analyzed the pres-
surized viruses by SDS-PAGE. As shown in Fig. 6A, all five
structural proteins of VSV, large (L) polymerase protein, gly-

FIG. 4. HPP disrupts VSV particles. Purified VSV was treated by high pressure at 550 MPa at 20°C for 8 min and 10 min separately. Treated
and untreated virus particles were negatively stained with 1% ammonium molybdate and visualized by transmission electron microscopy.
(A) Untreated VSV virions. (B) VSV particles treated with 550 MPa for 8 min. (C) VSV particles treated with 550 MPa for 10 min.
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coprotein (G), phosphoprotein (P), nucleocapsid (N) protein,
and matrix (M) protein, were visualized by SDS-PAGE. The
abundances of each viral protein were similar in all untreated
and treated samples (P � 0.05), suggesting that even though
HPP completely disrupted the virions, the primary or even the
secondary structure of viral proteins remained intact upon
pressurization. The viral proteins were subjected to Western
blotting using a monoclonal antibody against VSV G protein.
Comparable amounts of VSV G protein were detected in un-
treated and treated samples, indicating that G protein re-
mained antigenic upon HPP (Fig. 6B).

Similarly, we analyzed the effect of HPP on HRV structural
proteins using both TLPs and DLPs. As shown in Fig. 7A, all
six structural proteins were observed in untreated TLPs, al-
though VP3/VP4 and VP6/VP7 were difficult to separate on a

12% polyacrylamide gel due to their similar molecular weights.
However, the abundance of each viral protein was diminished
to various degrees after 450-MPa pressure treatment. Particu-
larly, the VP1 protein was undetectable in pressurized TLPs.
Similarly, decreased amounts of VP1, VP2, and VP3 were also
found in the HPP-treated DLPs (Fig. 7B). VP1 protein was
invisible, although 10 �g of total viral proteins was analyzed by
SDS-PAGE. Apparently, HPP leads to considerable reduction
in the abundance of some viral proteins of HRV.

HPP does not degrade the viral genomic RNA. Previously,
we reported that HPP did not degrade viral genomic RNA of
MNV-1 (39). However, disruption of the capsid of MNV-1
rendered viral genomic RNA sensitive to RNase degradation
(39). VSV genomic RNA is strikingly different from that of
MNV-1. The RNA genome of MNV-1 is single stranded and

FIG. 5. HPP disrupts HRV particles. Purified HRV TLPs and DLPs were completely inactivated at 450 MPa at 4°C for 2 min. HPP-treated
and untreated samples were negatively stained by 1% ammonium molybdate and visualized by transmission electron microscopy. (A) Untreated
HRV TLPs. (B) HRV TLPs treated with 450 MPa for 2 min. (C) Untreated HRV DLPs. (D) HRV DLPs treated with 450 MPa for 2 min.
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positive sense (29). In contrast, the negative-sense RNA ge-
nome of VSV is completely encapsidated by the N protein,
forming the N-RNA complex (38). To determine whether VSV
genomic RNA was released from N protein, we performed an
RNase degradation assay. Briefly, the untreated and pressur-
ized VSVs were digested with 10 U of RNase, followed by
RNA extraction and RT-PCR to amplify the VSV N gene. The
VSV genomic RNA would be degraded by RNase if it had
been separated from N protein. As shown in Fig. 8A, a 1.3-kb
band corresponding to the VSV N gene was present in all
untreated and treated samples regardless of the presence of
RNase. The intensities of such bands were essentially identical,

indicating that HPP was not able to dissociate VSV genomic
RNA from N protein although VSV was completely inacti-
vated at 550 MPa for 10 min at 20°C. For HRV, the 11 seg-
ments of double-stranded RNA genome are encapsidated by
VP2, which forms the innermost layer of virions. To determine
whether RNA genome was released from VP2, HRV was com-
pletely inactivated under 450 MPa at 4°C for 2 min, followed by
RNase degradation, and the full-length VP7 gene (about 1.1
kb) of HRV was amplified by RT-PCR. As shown in Fig. 8B,
the intensities of the VP7 gene amplified from each sample
were similar (P � 0.05), demonstrating that the HRV RNA
genome was still associated with VP2 protein. Taken together,
these findings therefore exclude genomic RNA as a possible
target for viral inactivation. In addition, this result also sug-
gests that the structure of VSV N protein and HRV VP2 is
highly resistant to HPP.

DISCUSSION

To date, the bulk of HPP studies have focused on inactivat-
ing food-borne vegetative bacteria, fungi, and protozoa; inac-
tivating viruses by HPP has been relatively understudied. In
order to better understand the factors contributing to HPP-
induced virus inactivation, we systematically investigated and
compared the barosensitivities of one nonenveloped virus
(HRV) and two enveloped viruses (VSV and aMPV) under
different pressure, temperature, and pH conditions. Overall,
all three viruses were efficiently inactivated under optimal pro-
cessing conditions, and such optimal conditions were specific
for each virus, indicating that the pressure threshold and the
impacts of temperature and pH on HPP-induced inactivation
were unique to each virus. In combination with previous stud-

FIG. 6. The effect of HPP on VSV proteins. (A) Visualization of
VSV structural proteins by 12% SDS-PAGE. Purified VSV was
treated at 550 MPa and 20°C for 8 min and 10 min, respectively. Ten
micrograms of total viral proteins was separated by SDS-PAGE fol-
lowed by Coomassie blue staining. (B) Western blot analysis of VSV G
protein. The viral proteins of untreated and treated VSV samples were
separated by SDS-PAGE and subjected to Western blotting using a
monoclonal anti-VSV G protein.

FIG. 7. The effect of HPP on HRV proteins. Purified HRV TLPs
and DLPs were pressurized at 450 MPa at 4°C for 2 min. The structural
proteins of untreated and treated HRV were analyzed by 12% SDS-
PAGE followed by Coomassie blue staining. (A) SDS-PAGE of 2 �g
of total HRV TLPs. (B) SDS-PAGE of 10 �g of total HRV DLPs.

FIG. 8. The effect of HPP on viral genomic RNA. (A) The effect of
HPP on VSV genomic RNA. Purified VSV was treated at 550 MPa
and 20°C for 8 min and 10 min, respectively. The samples were di-
gested with 10 units of RNase at 37°C for 1 h. Viral genomic RNA was
extracted from either HPP-treated or untreated VSV. The N gene of
VSV was amplified by one-step RT-PCR, and PCR products were
visualized by 1% agarose gel electrophoresis. (B) The effect of HPP on
HRV genomic RNA. Purified HRV TLPs were treated at 450 MPa at
4°C for 2 min, followed by RNase digestion and RNA extraction. The
VP7 gene of HRV was amplified by one-step RT-PCR.
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ies in our laboratory as well as those from other groups (7, 8,
24, 25, 31–35, 50), these results provide strong evidence that
HPP represents a universal and practical strategy to control the
health threat caused by viruses.

Susceptibilities of enveloped and nonenveloped viruses to
HPP. It is generally accepted that an enveloped virus is less
stable than a nonenveloped virus since the lipid envelope is
susceptible to dryness, pH changes, heat, organic solvents, dis-
infectants, and many other stresses. In this study, we directly
compared the pressure inactivation profiles of enveloped
(VSV and aMPV) and nonenveloped (HRV) viruses. We dem-
onstrated that these viruses showed highly different sensitivi-
ties in response to HPP regardless of the presence or absence
of a viral envelope. While VSV is much more stable than either
HRV or aMPV after HPP, the pressure resistance of aMPV is
substantially lower than that of HRV. For example, under
treatment of 350 MPa at 4°C for 2 min, 1.1-log, 3.9-log, and
5.0-log virus reductions were achieved for VSV, HRV, and
aMPV, respectively. Even though VSV and aMPV share sim-
ilarities in virion structure and other biological properties (1,
15, 38), the structural basis underlying their distinct responses
to HPP remains unknown. Of note, pressurization of a few
other enveloped viruses, such as avian influenza virus, HSV-1,
and HCMV, has also been reported. While treatment under
550 MPa at 15°C for 90 s was able to efficiently inactivate avian
influenza virus (H7N7) (27), the titers of HSV-1 and HCMV
were reduced by approximately 7 and 4 logs, respectively, upon
HPP at more than 400 MPa for 10 min at 25°C (41). Taken
together, these results indicate that the susceptibility to pres-
sure varies greatly among enveloped viruses and that VSV is
the most stable among tested viruses.

Similarly, nonenveloped viruses also exhibited diverse sen-
sitivities to HPP. Effective viral inactivation (at least a 5-log
reduction) resulting from pressure treatment (�600 MPa) was
reported for a variety of nonenveloped viruses, including hu-
man norovirus surrogates (feline calicivirus and murine noro-
virus) (7, 10, 25, 34, 39), HAV (31–33), HRV (30), and cox-
sackievirus A9 (35). In contrast, the infectivities of Aichi virus
and coxsackievirus B5 remained unaffected after 600-MPa
treatment at ambient temperature for 5 min (35). Moreover,
poliovirus is highly resistant to HPP as evidenced by the fact
that less than a 1-log virus reduction was achieved under 600
MPa for 1 h (51). Notably, both coxsackieviruses and poliovi-
rus belong to the genus Enterovirus within the family Picorna-
viridae, although their sensitivities to high pressure are signif-
icantly different from each other.

Collectively, the pressure susceptibilities vary substantially
among viruses regardless of the presence of a viral envelope.
There is no consensus regarding virus resistance to HPP as
judged by the size of the particles or the similarities in virion
structure and other biological properties. Also, the sensitivities
may not be comparable among viruses within the same genus,
family, and/or order. The specific determinants for the sensi-
tivity of a virus to HPP remain to be further elucidated. Per-
haps, the sensitivity of a nonenveloped virus may be related to
the three-dimensional structure of the viral capsid; thus, dif-
ferences in the primary amino acid sequences of viral capsid
proteins could have a bearing on the virus’s resistance to pres-
sure. For enveloped virus, the sensitivity may depend on the
stability of the envelope and surface glycoproteins.

Effect of temperature on pressure inactivation of viruses.
Temperature is one of the key factors that affect the efficiency
of virus inactivation by HPP. Since all viruses become suscep-
tible to inactivation if a certain critical temperature (56°C) is
reached (14), we selected chilling (4°C) and ambient (20°C)
temperatures at which viruses are relatively stable. This allows
us to determine the effect of pressure on viral survival and not
the effect of thermal energy. We found that enveloped viruses,
VSV and aMPV, were more easily inactivated at ambient tem-
perature (20°C) across the entire pressure spectrum. Presum-
ably, treatment at higher temperatures could exacerbate pres-
sure-induced destabilization of the lipid envelope, even though
further studies are needed to determine whether this phenom-
enon is observed with other enveloped viruses.

The role of temperature in HPP-induced inactivation of
nonenveloped virus appears to be complicated. In the case of
HRV, we found that temperature did not significantly influ-
ence the effectiveness of inactivation throughout the pressure
range. In comparison, previous studies in our laboratory
showed that pressure inactivation of MNV-1 is significantly
enhanced at refrigeration temperature (4°C) (39). An 8-log
reduction of MNV-1 was observed at 400 MPa at 4°C for 2 min,
whereas the same treatment at 20°C brought about only a 3-log
reduction. Similarly, a 4-min treatment of FCV under 200 MPa
at �10°C led to a 5.0-log reduction while the corresponding
reduction at 20°C was only 0.3 logs (10). Conversely, inactiva-
tion of HAV appears to be favored at ambient temperature
(20°C) (31–33). Treatment of HAV under 400 MPa for 1 min
at �10°C and 20°C reduced the titers by 1.0 and 2.5 logs,
respectively. These observations suggest that temperature
plays distinct roles in HPP inactivation of nonenveloped vi-
ruses through unknown mechanisms.

Nonetheless, pathogen inactivation is generally enhanced
during combined application of pressure and thermal energy
(usually above 50°C), by a process termed “temperature-as-
sisted HPP.” For example, HPP (400 MPa) at 50°C for 1 min
reduced the titer of HAV by 4.7 logs, whereas similar treat-
ments at �10 and 20°C gave only 1- and 2.5-log reductions,
respectively (36). Moreover, treatment of FCV at 200 MPa at
20 and 50°C led to 0.3- and 4.0-log reductions, respectively
(10). Similar enhancement has been observed with bacteria
and spores upon temperature-assisted HPP (9, 46). Therefore,
a combination of pressure and elevated temperature would
provide an alternative strategy to inactivate highly resistant
pathogens.

Effect of pH on pressure inactivation of viruses. pH is a
critical intrinsic parameter. Like temperature, pH may have a
completely opposite effect on virus inactivation by HPP. Here
we demonstrated that HRV was more sensitive to HPP at
neutral pH than at acidic pH (pH 4.0). After treatment at 250
MPa for 2 min, about 3.4 logs of HRV lost its infectivity at pH
7.0, which was significantly higher than the reduction at pH 4.0
(1.3 logs). Our previous study also showed that inactivation of
MNV-1 was substantially enhanced at neutral pH (39). It was
also found that inactivation of FCV (7, 10) and tobacco mosaic
virus (5) was favored at neutral pH. In sharp contrast, inacti-
vation of HAV was significantly enhanced at pH 4.0 (31).
Mechanisms by which pH modulates virus inactivation by HPP
are yet to be determined. It is possible that pH affects the
stability of the capsid proteins of nonenveloped viruses, thus
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contributing to HPP-induced inactivation. In the presence of
pressure, a virus could be more easily inactivated if its capsid
proteins undergo unfavorable structural and biochemical
changes at a specific pH. This notion is supported by a study
demonstrating that rotavirus spike protein VP4 underwent an
irreversible conformational change at elevated pH and that
rotavirus with altered VP4 lost its infectivity (44, 45).

As for VSV and aMPV, our results showed that their inac-
tivation by HPP was favored at acidic pH. For instance, 4.6 logs
of VSV lost its infectivity at pH 4.0 under 550 MPa, whereas
only a 2.9-log reduction was observed at pH 7.0. The effect of
pH on aMPV inactivation was more dramatic: 6.0- and 2.2-log
virus reductions were achieved at pH 4.0 and pH 7.0, respec-
tively, at 300 MPa for 2 min. It is well known that the viral
envelope is highly susceptible to acidic pH, which may contrib-
ute to the enhancement in HPP-induced inactivation of enve-
loped viruses at acidic pH. It is also likely that surface glyco-
proteins are more easily disassociated from the envelope
and/or more easily undergo unfavorable structural changes at
acidic pH, thus resulting in loss of viral infectivity.

Mechanism of virus inactivation by HPP. Our previous stud-
ies on MNV-1 showed that the disruption of viral capsid struc-
ture, but not the degradation of genomic RNA, was the pri-
mary mechanism underlying HPP-induced inactivation (39).
To determine whether this is a universal mechanism, we ex-
tended our study to VSV and HRV, whose virion structures
are strikingly different from those of MNV-1. For VSV, we
found that the morphology of its virion was severely altered,
the structure and envelope were completely disrupted, and the
RNP complex leaked from the particles after HPP. For HRV,
the outermost layer of the virion was disrupted and the inner
core was released from the particles. For both VSV and HRV,
large amounts of debris were observed in the HPP-inactivated
viruses. These observations further support the notion that the
mechanism underlying HPP-induced virus inactivation is the
disruption of the virion structure by breakage of the viral
envelope and/or damage to the viral capsid. Because of the
limitation of EM, we were unable to determine whether viral
glycoproteins dissociated from the envelope or underwent ir-
reversible conformational changes upon HPP. Putatively, any
damage to viral glycoproteins could impair virus attachment
and entry, which in turn results in the loss of infectivity. In-
deed, as discussed below, our results do not rule out the pos-
sibility of destabilization of viral glycoproteins by HPP, thus
contributing or partially contributing to HPP-induced viral in-
activation.

Since HPP has no adverse effect on covalent bonds, it is
generally accepted that HPP alters quaternary and tertiary
structures, but not primary and secondary structures, of pro-
teins (3, 5, 20, 22, 26). Consistent with this, the abundance of
all VSV structural proteins was not significantly altered despite
the fact that virion structure was completely disrupted. How-
ever, the situation with HRV is somehow different. After HPP,
the abundance of each structural protein was reduced to a
certain extent, indicating that HRV structural proteins have
distinct stabilities under pressure. It is unlikely that these viral
proteins were directly degraded by HPP since 450 MPa of
pressure should not have a significant impact on primary and
secondary structures of a protein. How might we account for
this apparent discrepancy? One possibility is that at higher

pressure, the structural proteins could be more readily cleaved
by nonspecific endogenous proteases. This hypothesis is sup-
ported by the fact that efficient infectivity of rotavirus in cell
culture requires exogenous trypsin cleavage of spike protein
VP4 (4, 13, 16, 43). Routinely, the virus stocks used in our
study were grown in the presence of trypsin. Interestingly, it
was found that trypsin molecules are tightly associated with the
purified virions (4). Trypsin activity is inhibited when associ-
ated with virions but is activated upon outer capsid layer sol-
ubilization (4). In fact, our mechanistic study demonstrated
that HPP led to the disassociation of the outer capsid layer
from virions. Thus, it is likely that trypsin activity is activated
upon the disruption of the outer capsid layer, which in turn
resulted in the degradation of viral structural proteins. It is also
important to note that HPP inactivates viruses but often pre-
serves its immunogenic properties. As shown in Fig. 6, even
though the VSV virion was completely damaged, its G protein
was still recognized by anti-G protein monoclonal antibody. In
fact, several studies have shown that pressurized virus particles
retained good immunogenicity in animal models (21, 28, 48).

In conclusion, HPP is capable of efficiently inactivating com-
mon enveloped and nonenveloped viruses although they have
various pressure susceptibilities and require different optimal
conditions for efficient inactivation. Moreover, disruption of
the virion structure, viral capsid, and envelope, but not the
degradation of viral genomic RNA, is the primary mechanism
of viral inactivation by HPP. HPP is thus a promising technol-
ogy to eliminate various viral contaminants in high-risk foods
and water. In addition, HPP may be a promising method to
generate effective vaccines since it inactivates viruses without
losing the immunogenicity of specific viral proteins.
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