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One sentence summary: The disinfectant with calcium hydrogen carbonate mesoscopic crystals inactivated noroviruses along with the destruction of
viral capsids.
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ABSTRACT

Human norovirus is one of the major causes of foodborne gastroenteritis, and it can be easily transmitted from infected
person, virus-contaminated foods and environmental surfaces. Effective disinfection method is needed to stop the
transmission of human norovirus. CAC-717 is a new disinfectant consisting of calcium hydrogen carbonate mesoscopic
crystals. We aimed to evaluate the efficacy of CAC-717 against human norovirus. This study used human norovirus derived
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from fecal specimens and cultured murine norovirus, which is one of the surrogate viruses for human norovirus. The
disinfection effect against murine norovirus was estimated by infectivity assay and transmission electron microscopy. The
inactivation effect against human norovirus was assessed by reverse transcription polymerase chain reaction. Disinfection
effect of CAC-717 against the infectivity of murine norovirus was shown within 100 s after the CAC-717 treatment,
presenting the destruction of viral capsids. The treatment of CAC-717 significantly reduced human norovirus genomic RNA
(3.25-log reduction) by the presence of the mesoscopic structure of calcium hydrogen carbonate. CAC-717 stably inactivated
human norovirus in stool suspensions. The inactivation effect of CAC-717 against human norovirus was less susceptible to
organic substances than sodium hypochlorite. CAC-717 would be a useful alternative for disinfecting human norovirus in
contaminated environmental surfaces.

Keywords: calcium hydrogen carbonate mesoscopic crystals; infectivity assay; norovirus; RT-qPCR; transmission electron
microscopy

INTRODUCTION

Human norovirus (HuNV) is a non-enveloped single stranded
positive-sense RNA virus, and it is one of the major causes of
foodborne gastroenteritis. HuNV infection causes severe vomit-
ing, diarrhea and abdominal pain in 24 to 48 h after the intake
of the virus and may become lethal in infants and elderly peo-
ple. The infected person can shed billions of HuNV particles in
feces, and the infection to others can be easily established by
intake of only a small number of HuNV particles through several
transmission routes: person to person, airborne, foodborne and
waterborne (Teunis et al. 2008; Alsved et al. 2019). The outbreak
of HuNV infection occurs due to the high transmissibility of the
virus (Sakon et al. 2018). Genotypes of HuNV are classified based
on the genomic sequence (Kroneman et al. 2013), and genogroup
II (GII), and especially genotype GII.4 is the predominant strain
for the recent HuNV outbreaks (Beek et al. 2018). Emerging HuNV
strain can rapidly replace the predominantly existing strains by
escaping the population immunity, causing an outbreak.

Effective disinfection method against HuNV-contaminated
environmental surfaces is needed to stop the HuNV transmis-
sion. Heat, ultra violet (UV) and chemical disinfectants are
widely used as major disinfectants. The effect of disinfection
methods against HuNV is evaluated by the reduction of genomic
RNA using quantitative determination, because of the diffi-
culty in culturing of HuNV by conventional cell lines. Hence, as
one of the HuNV surrogates, murine norovirus (MNV) is often
used to assess the infectivity, although the resistance to dis-
infection methods of the surrogate viruses is not the same as
that for HuNV (Hewitt, Rivera-Aban and Greening 2009; Tung et
al. 2013). Heating effectively inactivated both MNV and HuNV
(Hewitt, Rivera-Aban and Greening 2009). Ethanol showed dis-
infection of MNV (Belliot et al. 2008), whereas HuNV showed
resistance to ethanol (Tung et al. 2013). The use of chlorine
bleach solution, such as sodium hypochlorite, is recommended
by the Centers for Disease Control and Prevention for inactivat-
ing HuNV in the contaminated surfaces (Hall et al. 2011). How-
ever, these currently administrated disinfection methods have
some disadvantages. For example, heating can only be used for
heat-resistant materials and suitable heating facility is needed.
Sodium hypochlorite can cause corrosion of metal, mucosal
irritation and distinctive smell. Moreover, protein substances
can attenuate the disinfection effect of sodium hypochlorite
(Kobayashi et al. 2016). The traditional disinfection methods,
therefore, have limitations depending on the situation, and an
alternative disinfectant is needed that can be easily used and
applicable for any situation.

Recently, a new disinfectant named CAC-717, which contains
electrically charged calcium hydrogen carbonate mesoscopic
crystals, showed an effect for sterilizing influenza A viruses

(Nakashima et al. 2017). The previous report demonstrated that
the electrons accumulated in calcium compound and the cal-
cium hydrogen carbonate mesoscopic structure can serve as
‘nanobatteries’ (Ponrouch et al. 2016). This study aimed to eval-
uate the disinfection effect of CAC-717 as a novel candidate dis-
infectant for inactivating HuNV.

MATERIALS AND METHODS

Disinfectants and controls

CAC-717 (FDA/USA Regulation No. 880.6890, Class 1 disinfec-
tant, Japan Patent No. 5778328) was produced as reported pre-
viously (Nakashima et al. 2017). CAC-717 contained 6.9 mM cal-
cium hydrogen carbonate particles with a mesoscopic struc-
ture. Because mesoscopic particles have physical properties to
occlude hydrogen ion, CAC-717 showed a pH of 12.6 by the for-
mation of mesoscopic structure.

The currently administrated disinfection methods were used
in this study as index of the disinfectant efficacy of CAC-717; 70%
ethanol and 1000 ppm sodium hypochlorite (NaClO) were pur-
chased from Imazu Chemical Co. Ltd (Tokyo, Japan) and Oyalox
Co., Ltd (Tokyo, Japan), respectively. Heating treatment (95◦C for
10 min) was performed with dry thermo unit (BI-515, ASTEC,
Fukuoka, Japan).

Phosphate buffer solutions with three ranges of pH buffering
capacity (2.15, 7.20 and 12.33) were prepared as pH controls for
evaluating the effect of pH change against CAC-717. Disodium
hydrogen phosphate 12-water (Na2HPO4•12H2O, 1.296 mmol;
Wako Pure Chemical Industries, Ltd, Osaka, Japan) and sodium
dihydrogen phosphate anhydrous (NaH2PO4, 2.304 mmol; Wako
Pure Chemical Industries, Ltd) were mixed and then adjusted
to the same pH as CAC-717. CAC-717 without the mesoscopic
structure was also prepared to identify the disinfectant efficacy
of the mesoscopic structure against norovirus. To abolish the
mesoscopic structure, CAC-717 was stirred and treated with an
external variation of the magnetic field. Due to this treatment,
calcium hydrogen carbonate will form macroparticles (i.e. aggre-
gation of mesoscopic particles) and the electric charge will be
lost. As a result of the abolishment of the CAC-717 mesoscopic
structure, the hydrogen ion (proton) in the particles will become
liquid, resulting in the pH of 7.0.

Noroviruses

MNV strain S7 was isolated from the feces of a mouse in Japan
(Kitagawa et al. 2010) and used as a surrogate virus for HuNV
in this study. HuNVs were derived from four fecal specimens
of patients with non-bacterial gastroenteritis. The genotypes of
HuNV were determined by capsid sequence-based phylogenetic
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analysis (Kroneman et al. 2013). The genotypes of HuNVs in four
specimens were GI.2 (GenBank Accession No.: LC128710), GII.4
Sydney 2012 (AB855775), GII.5 (AB448707) and GII.17 (LC075599).

MNV culture and infectivity assay

MNV was propagated and titrated on a macrophage-like tumor
cell line, RAW 264 cells, which was obtained from the RIKEN
BioResource Center Cell Bank (Tsukuba, Japan). RAW 264
cells were cultured in Dulbecco’s minimum essential medium
(Sigma-Aldrich, St Louis, MO) supplemented with 10% fetal
bovine serum (Sigma-Aldrich) and were maintained at 37◦C in
5% CO2.

A conventional 50% tissue culture infectious dose (TCID50)
assay was adapted to evaluate the infectivity of MNV. The sus-
pension of MNV was mixed with CAC-717 or phosphate buffer
saline (PBS) in 1:9 ratio. These mixtures were incubated at room
temperature for 1, 15, 30 and 60 min. After incubation, the mix-
tures were serially diluted at 1:10 using the medium, and 100 μl
of each diluent was added to the 90%-confluent monolayer of
RAW 264 cells on 96-well plates. The cytopathic effects of MNV
were observed after 4 to 7 days. Virus titers were calculated
according to the methods of Reed and Muench (1938). The detec-
tion limit of the assay is 1.5-log10 TCID50/ml. Results are repre-
sentative of three independent experiments.

Purification of noroviruses

Purification of the specimen including viruses was carried out
to remove debris. The specimens were centrifuged at 2000 g for
45 min to remove gross debris. The supernatants were trans-
ferred to ultracentrifuge tubes over 27% sucrose solutions and
then centrifuged at 112 730 g for 2 h (CP80MX; Koki Holdings Co.,
Ltd, Tokyo, Japan). The pellets were suspended in distilled water
and incubated at 4◦C overnight. The suspensions including puri-
fied viruses were used for the experiments.

Morphological observation of MNV

The morphological observation was conducted by negative-
stain transmission electron microscopy (TEM). The purified virus
suspensions were treated with or without CAC-717 for 100 s.
The suspensions were added to hydrophilized grids coated with
an acrylic thin film (Okenshoji Co., Ltd, Tokyo, Japan), and then
dried. Soon after, the specimens were stained using 1% uranyl
acetate and then dried. Hydrophilic treatment of the grids was
performed by soft plasma etching (SEDE-GE; Meiwafosis Co.,
Ltd, Tokyo, Japan) just before use. The specimens were observed
through a JEM-1400 Plus (Jeol Ltd, Tokyo, Japan) at 80 kV. Results
are representatives of three independent experiments.

Quantitation of genome RNA of HuNVs

HuNVs in the suspensions of stools and purified specimens were
quantified by quantitative reverse transcription polymerase
chain reaction (RT-qPCR). RNA extraction was carried out using
the QIAamp Viral RNA Mini Kit (Qiagen, Hilden, Germany).
Reverse transcription to cDNA and qPCR were performed accord-
ing to the manufacturer’s instructions of Takara qPCR Norovirus
(GI/GII) Typing Kit (Takara Bio Inc., Shiga, Japan) and StepOne-
Plus Real-Time PCR System (Thermo Fisher Scientific, Waltham,
MA). The four HuNV suspensions were diluted to ∼2.5 × 104

copies/μl (GI.2: 1-fold, GII.4 Sydney 2012: 8-fold, GII.5: 2.5-fold

and GII.17: 10-fold). When examining the effects of organic sub-
stances, ∼1 × 103 copies/μl of purified specimens, which were
added bovine serum albumin (BSA; Sigma-Aldrich) (0.5, 2.5 and
5.0%), were used. For the assessment, 100 μl of the diluted sus-
pensions were mixed with disinfectants at a 1:1 ratio at room
temperature for 30 min or with PBS at a 1:1 ratio at 95◦C for 10
min. Propidium monoazide (PMA; Biotium, Inc., Hayward, CA)
was added to the mixtures at a final concentration of 50 μM
for inhibiting the amplification of RNA in HuNV whose capsid
has been damaged (Fittipaldi et al. 2010), and then 365 nm UV
light was exposed for 15 min to the mixtures for PMA binding to
RNA. After the extraction of RNA, the quantity of genomic RNA
derived from HuNV harboring intact capsid was determined by
RT-qPCR. The standard curve was generated using positive con-
trols in Takara qPCR Norovirus (GI/GII) Typing Kit, and the detec-
tion limit was 4 × 10−1 copies/μl. Inactivation rate was calcu-
lated with the following formula.

% =
(

Copies of untreated specimen − Copies of treated specimen with BSA
Copies of untreated specimen − Copies of treated specimen without BSA

)

× 100

Results are representatives of three independent experi-
ments. Since the results from the crude untreated specimens
were similar with the results of the purified untreated specimen
derived from the same stool, fecal matrix did not affect the mea-
surements of this assay.

Statistical analysis

Paired t-test was employed to compare with two groups. Mul-
tiple groups were compared and analyzed by one-way ANOVA
and Tukey post hoc test. Statistical processing was performed
with GraphPad Prism 5.0 (GraphPad Software Inc., San Diego,
CA). Data were considered as a significant difference at a P value
of < 0.01.

RESULTS

The disinfection effect of CAC-717 on MNV

The treatment of CAC-717 for 60 min showed a significant �4.5-
log reduction in the infectivity of MNV compared with untreated
specimen (Fig. 1A). The disinfection effect of CAC-717 was seen
as early as 1 min after the treatment (Fig. 1B). On the other hand,
cytotoxicity of RAW 264 cells was also observed at the high-
est concentration of CAC-717 in this assay. Morphologically, the
destruction of MNV capsids was observed by treating CAC-717
for 100 s (Fig. 1C). Therefore, CAC-717 showed rapid disinfec-
tion effect on the HuNV surrogate virus, MNV, through physical
destruction of the capsids.

The inactivation of purified HuNV by CAC-717 with the
mesoscopic structure

To examine the inactivation effect of CAC-717, the specimen
including GII.4 Sydney 2012, which has been the recent pan-
demic strain worldwide, was used as a representative (Beek et
al. 2018) (Fig. 2). The specimen was purified before mixing dis-
infectants. CAC-717 showed a significant 3.25-log reduction of
HuNV genomic RNA compared with the untreated specimen
(Fig. 2A). Ethanol (70%) and the heating treatment (95◦C for 10
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Figure 1. The disinfection effect of CAC-717 on MNV as a surrogate for HuNV. (A) Reduction of infectivity of MNV by CAC-717 was evaluated by TCID50 assay. The dashed

line represents detection limit of the assay. ND: not detectable. Asterisk showed a significant difference (P < 0.01). (B) Effect of CAC-717 was sequentially observed using
TCID50 assay of MNV. Infectivity of MNV after 1, 15, 30 and 60 min of CAC-717 treatment was evaluated. Circle or box indicated titers of MNV without or with treatment
of CAC-717, respectively. (C) Morphological change of MNV was observed by TEM without or after 100 s of CAC-717 treatment.

Figure 2. The inactivation of purified HuNV strain classified as GII.4 Sydney 2012 by CAC-717. The inactivation of HuNV was evaluated by RT-qPCR. (A) HuNV treated
with CAC-717 or with other disinfection methods. (B) Effect of CAC-717 with mesoscopic structure (pH 12.6) was compared with a pH control (phosphate buffer, pH
12.6) and CAC-717 without mesoscopic structure (pH 7). The dashed line represents detection limit of the assay. ND: not detectable. Asterisk showed a significant

difference as compared with CAC-717 (P < 0.01).

min) showed significant reduction of the genomic RNA show-
ing 0.88 and 2.35-log reduction, respectively, when compared
with the untreated specimen. The genomic RNA was completely
undetectable by the treatment of 1000 ppm sodium hypochlo-
rite, which has been generally used as a strong disinfectant.
There was no significant difference for the inactivation effect
of HuNV between CAC-717 and accepted disinfectant methods
(heating treatment and 1000 ppm sodium hypochlorite).

To prove the inactivation effect of the mesoscopic structure,
we compared CAC-717 with the controls (Fig. 2B). The phosphate
buffer prepared at the same pH as CAC-717 (pH 12.6) showed no
inactivation effect on HuNV. Moreover, CAC-717 including the
same compositions without mesoscopic structure also did not
display the inactivation of HuNV.

The inactivation effect of CAC-717 on HuNV in clinical
specimens

Under actual environment conditions, various organic sub-
stances, such as fecal matrix, exist around HuNV. Therefore, four

fecal specimens without the purification step were also applied
(Fig. 3). Compared with the untreated specimen, CAC-717 stably
showed significant log reductions at 1.36, 2.78, 1.64 and 3.52 in
the GI.2, GII.4 Sydney 2012, GII.5 and GII.17 specimens, respec-
tively. Thus, CAC-717 may be able to inactivate HuNV under the
clinical conditions. Heating treatment also inactivated all of the
four HuNV specimens. On the other hand, 1000 ppm sodium
hypochlorite did not elicit enough inactivation effect on HuNV
in the suspensions of stool, except for one specimen containing
HuNV GII.17. The 70% ethanol also did not show enough inacti-
vation effect on HuNV. Consequently, CAC-717 can stably inac-
tivate HuNV in practice.

The influence of organic substance in the inactivation
of CAC-717

Inactivation tests using all four purified specimens with the
respective concentrations of BSA were performed to verify the
influence of organic substances against the disinfectants (Fig. 4).
CAC-717 showed 100% inactivation effect against HuNV in 0.5%
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Figure 3. The inactivation of HuNV in stool derived from patients with nonbacterial gastroenteritis. Each sample contains different genotypes of HuNV, and the

inactivation was assessed by RT-qPCR. The dashed line represents detection limit of the assay. ND: not detectable. Asterisk showed a significant difference as compared
with CAC-717 (P < 0.01).

BSA solution. The inactivation effect of CAC-717 against HuNV
in 2.5% BSA solution was 99.9, 95.5, 84.3 and 87.8% for speci-
mens of GI.2, GII.4 Sydney 2012, GII.5 and GII.17, respectively.
In the 5% BSA solution, the inactivation effect of CAC-717 was
96.0, 73.2, 70.4 and 60.3% for the GI.2, GII.4 Sydney 2012, GII.5
and GII.17, respectively. In contrast, the inactivation effect of
1000 ppm sodium hypochlorite was greatly reduced by the addi-
tion of BSA. Even when 0.5% BSA was added to the purified
virus, the inactivation effect of sodium hypochlorite decreased
in GII.17 specimen (57.8%). In addition, the inactivation rate of
sodium hypochlorite in BSA 2.5% solution was 0, 24.5, 40.0 and
17.2% for the GI.2, GII.4 Sydney 2012, GII.5 and GII.17, respec-
tively. Similarly, inactivation rate of sodium hypochlorite in BSA
5% solution was 11.8, 34.9, 50.2 and 28.9% for the GI.2, GII.4 Syd-
ney 2012, GII.5 and GII.17, respectively. The significant differ-
ences between CAC-717 and the sodium hypochlorite in the 0.5%
BSA solution were observed in the specimens of GI.2, GII.4 Syd-
ney 2012 and GII.5. Moreover, there were significant differences
between those two disinfectants in 2.5% BSA solution in all spec-
imens. Furthermore, the significant difference in the 0.5% BSA
solution was observed in the GII.17 specimen. As a result, it was
found that the inactivation effect of CAC-717 against HuNV was
less susceptible to organic substances than 1000 ppm sodium
hypochlorite, which is generally used as a strong disinfectant.

DISCUSSION

In this study, we used two methods to assess the efficacy: the
infectivity assay and RT-qPCR. These two assays generally have
different interpretation of the results (Kitajima et al. 2010; Park
and Sobsey 2011). RT-qPCR detects the intact genomic RNA of
the virus including the damaged capsids, whereas the infectiv-
ity assay does not detect the virus that has damaged capsids. We
applied PMA in RT-qPCR assay to diminish the difference. PMA
has been extensively used for live/dead distinction in microbiol-
ogy. PMA binds to a nucleic acid through holes on a damaged
capsid and then blocks DNA polymerase reaction in RT-qPCR
(Fittipaldi et al. 2010). Thus, theoretically, PMA-treated RT-qPCR
could only detect viral genomic RNA contained in intact cap-
sid, which would retain infectivity. The intensity of UV exposure
for the binding PMA should be considered in the assay because
the genomic RNA of HuNV is disrupted by strong UV exposure
(254 nm) (Park, Linden and Sobsey 2011). Therefore, we used the
UV light with a longer wavelength (365 nm) and confirmed that
there was no influence on the quantitative value of RT-qPCR
in our protocol (data not shown). Consequently, the genomic
nucleic acid determination by RT-qPCR with PMA is considered
to be comparable with the result of infectivity assay rather than
that by RT-qPCR without PMA.
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Figure 4. The influence of organic substance against the inactivation efficacy of CAC-717. The inactivation of purified HuNV, with or without BSA, was assessed by

RT-qPCR. Inactivation rate was calculated according to the formula that is represented in the section ’Materials and Methods’. Asterisk showed a significant difference
between CAC-717 and sodium hypochlorite (P < 0.01).

It is necessary to clarify the inactivation mechanism of CAC-
717 in order to know the characteristics as a disinfectant. CAC-
717 becomes alkaline as a result of the formation of the meso-
scopic structure (Nakashima et al. 2017). It has been known that
surrogate viruses for HuNV are inactivated by high pH condition
(Cannon et al. 2006). However, the degree of inactivation varies
with each surrogate virus. Our result indicated that there was no
destruction of genome RNA of HuNV in an alkaline phosphate
buffer solution with the same pH to CAC-717 (Fig. 2B). Hence,
pH is not a crucial factor in its inactivation effect. On the other
hand, CAC-717 without the mesoscopic structure lost inactiva-
tion effect (Fig. 2B). Therefore, the inactivation effect is likely to
be caused by the mesoscopic structure of calcium hydrogen car-
bonate in CAC-717.

Organic substances around norovirus may reduce the effi-
cacy of disinfectant (Takahashi et al. 2011). The disinfectant effi-
cacy of sodium hypochlorite to MNV and HuNV is reduced by
adding stool suspension (Park and Sobsey 2011; Tung et al. 2013).
The similar result was observed in this study. These influences
arise from the reduction of free chlorine in sodium hypochlo-
rite by protein substance (Kobayashi et al. 2016). On the other

hand, the previous study also demonstrated that the inactiva-
tion effect of CAC-717 was not influenced by the addition of pro-
tein substance (Nakashima et al. 2017). Our results revealed that
the inactivation effect of CAC-717 was significantly less suscep-
tible to organic substance than 1000 ppm sodium hypochlorite
(Fig. 4). However, the inactivation effect of CAC-717 was moder-
ately decreased in 5% BSA solution, which is the highest concen-
tration in this study (Fig. 4). Although the pre-cleaning, such as
physical removal, before using CAC-717 seems necessary when
a contamination is voluminous, CAC-717 can be applied as an
effective disinfectant in various situations.

The treatment period is an important factor when consid-
ering the use of disinfectants. Ethanol (70%) failed to eliminate
norovirus by treating for 30 min (Duizer et al. 2004). Sodium
hypochlorite requires an exposure time of at least 3 min to inac-
tivate MNV (Park and Sobsey 2011). In contrast, CAC-717 showed
inactivation of influenza A viruses in 1 min (Nakashima et al.
2017), and our results also showed that the disinfection effect
of CAC-717 against MNV was seen in 1 min (Fig. 1B). Because
the mesoscopic structure in CAC-717 functions as ‘nanobatter-
ies’ (Ponrouch et al. 2016; Nakashima et al. 2017), the capsids
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of norovirus were probably destroyed by its function when the
mesoscopic particles contact the viruses. Thus, although the
mechanisms of effect by CAC-717 are not entirely understood,
CAC-717 would rapidly display an inactivating effect to HuNV.

Virus envelopes are associated with the resistance to disin-
fectants. In general, the lipid membrane of enveloped viruses
can easily be disrupted by various disinfectants. One of the
enveloped viruses, influenza A virus was shown to be inac-
tivated by CAC-717 (Nakashima et al. 2017). In contrast to
enveloped viruses, many non-enveloped viruses that are com-
posed of genetic material tightly packed with proteins into a
dense particle are highly resistant to disinfectants. In this study,
CAC-717 showed inactivation effect against the non-enveloped
virus, MNV and HuNV. Hence, CAC-717 might inactivate the
virus with and without envelopes. Further studies are needed to
assess the inactivation effect of CAC-717 against various viruses.

CAC-717 was reported to be harmless and not irritant to
humans and animals, because it contains no hazardous chem-
icals, and its pH was reduced to 8.84 ± 1.17 when applied to
human skin (Nakashima et al. 2017). However, in this study, cyto-
toxicity of RAW 264 cells was observed at the highest concentra-
tion of CAC-717. Therefore, further investigation is required for
evaluating its safety when applying to humans and animals.

The duration of efficacy of CAC-717 was not investigated in
this study. This is important because the versatility of the dis-
infectants will vary depending on its duration of efficacy. For
example, chlorhexidine has a long duration and can be used to
disinfect the skin in the surgical field. For use in clinical practice,
further study is needed to investigate the stability of the meso-
scopic structure when it is used on different types of surfaces.

In conclusion, our results suggest that CAC-717 destroys the
HuNV viral capsids by its mesoscopic structure, presenting rapid
and stable inactivation of HuNV in specimens under various
conditions. It would be a novel candidate disinfectant for inac-
tivating HuNV in contaminated environmental surfaces effec-
tively. Further investigation of the safety and stability of CAC-
717 is needed; however, CAC-717 will be a strong candidate for
HuNV disinfectant in various fields.
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