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urea nitrogen (BUN), creatinine, glucose, total cholester-
ol, triglycerides, phospholipid, Na, K, CI, Ca, inorgan-
ic phosphate, aspartate aminotransferase (AST), alanine
aminotransferase (ALT), lactase dehydrogenase (LDH),
and gamma-glutamyltransferase (y-GTP).

In the main group, daily vaginal lavage samples of
each female were evaluated for estrous cyclicity through-
out the premating period. Each female rat was mated
overnight with a single male rat of the same dosage group
until copulation occurred or the 2-week mating period had
elapsed. During the mating period, daily vaginal smears
were examined for the presence of sperm. The presence
of sperm in the vaginal smear and/or a vaginal plug was
considered as evidence of successful mating. Once insem-
ination was confirmed, the females were checked twice a
day for signs of parturition from day 21 to day 24 of preg-
nancy. One female in the 0.1 mg/kg/day treatment group
did not deliver and did not have implantation. Because of
infertility, data for that female for the period correspond-
ing to gestation were excluded from statistical analysis.
Other females were allowed to deliver spontaneously and
nurse their pups until postnatal day (PND) 4. The day on
which parturition was completed by 17:00 was designated
as PND 0. Litter size and numbers of live and dead pups
were recorded, and live pups were sexed and individually
weighed on PNDs 0 and 4. Pups were inspected for exter-
nal malformations on PND 0. On PND 4, the pups were
euthanized by exsanguination under anesthesia, and gross
internal examinations were performed.

Data analysis

Statistical analysis of pups was carried out using the
litter as the experimental unit. Mean and standard devia-
tion in each dose group were calculated for body weight,
food consumption, water consumption, number of feces,
rearing frequency, width of the landing legs, grip strength,
spontaneous motor activity, urine volume, hematolog-
ical test results, blood biochemical test results, absolute
and relative organ weights, estrous cycle length, length
of gestation, numbers of corpora lutea and implantations,
implantation index, total number of pups born, number
of male and female pups, number of live and dead pups,
live birth index, live pups and viability index on day 4 of
lactation, and body weight of pups. These were analyzed
with Bartlett’s test or F-test for homogeneity of variance.
If they were homogeneous, the data were analyzed using
Dunnett’s test or Student’s t-test to compare the mean of
the control group with that of each dosage group, and if
they were not homogeneous, a Dunnett-type rank test or
Aspin-Welch t-test was applied. The copulation index,
fertility index, gestation index, sex ratio of pups, and data
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for sensory reactions of reflexes were analyzed with Yates'
chi-square test. The 5% levels of probability were used
as the criterion for significance. Unless otherwise noted,
there are statistically significant differences in the chang-
es described in the following Results section.

RESULTS

Parental toxicity

No deaths were observed in any of the groups. A
decrease in grip strength of the forefoot was observed in
males and females at 1.0 mg/kg/day in the recovery peri-
od. No other treatment-related effects on clinical signs of
toxicity, FOB, sensory reactivity, or spontaneous motor
activity were observed in males and females in the main
and satellite groups (data not shown).

Body weight changes in each group are shown in Figs. 1
and 2. In males at 1.0 mg/kg/day, body weight gains
decreased during the dosing period and during the recov-
ery period. In females at 1.0 mg/kg/day, body weight
gains decreased during the lactation period.in the main
group and during the dosing period and the recovery peri-
od in the satellite group, and lowered body weight was
observed on days 38 and 41 of the dosing period and on
days 0-13 of the recovery period in the satellite group. No
effects on body weight in male and female groups were
observed at any other dosing. Food consumption (data
not shown) was decreased on day 4 of the delivery period
at 1.0 mg/kg/day in females. Urinalysis revealed no sig-
nificant differences in any parameters between the control
and treatment groups in males and females in the main
and satellite groups (data not shown).

Table 1 shows hematological findings in male and
female rats. At 1.0 mg/kg/day, low values of fibrinogen
and APTT were observed in males of the main and satel-
lite groups, and a low value of fibrinogen was observed in
females of the main group. The other significant chang-
es in hematological findings were incidental because they
were slight without related changes or did not occur in a
dose-dependent manner.

Blood biochemical findings are shown in Table 2.
At 1.0 mg/kg/day in the main group, increases in BUN
and ALP and decreases in total protein and albumin
were observed in males, and an increase in BUN and a
decrease in total protein were observed in females, At 1.0
mg/kg/day in the satellite group, increases in BUN and
ALP in males and females, and a decrease in total protein
in females were observed. The other changes with statisti-
cal significances in blood biochemical findings were inci-
dental because they were slight without related changes
or did not occur in a dose-dependent manner.
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Body weight of males in main groups and satellite
groups for recovery period and females in satellite
groups.

*: Significantly different from the control, p £ 0.03.

Organ weights in males and females are shown in
Table 3. Relative weight of the liver was increased at
0.3 mg/kg/day in main group males, and absolute and rel-
ative weights of the liver were increased in males and
females at 1.0 mg/kg/day in main and satellite groups.
Absolute and relative weights of the spleen were decreased
at 1.0 mg/kg/day in main group males. Enlargement of the
liver in two males and a dark red focus in the stomach in
three males were observed at 1.0 mg/kg/day in the main
group. No other treatment-related findings at necropsy
were observed in males and females in main and satellite
groups. Histopathological findings are shown in Table 4.
Possibly treatment-related changes were observed in
the liver and stomach: In the main groups, centrilobular
hypertrophy of hepatocytes in males and females were
observed at 0.3 mg/kg/day and above, diffuse vacuola-
tion of hepatocytes in males, and minimal focal necro-
sis in males and females were observed at 1.0 mg/kg/day,
and in the satellite groups, minimal diffuse vacuolation of
hepatocytes in males, centrilobular hypertrophy/degener-
ation of hepatocytes in males and females, and Glisson’s
sheath cell infiltration in females were observed at
1.0 mg/kg/day. In the glandular stomach, minimal erosion
was observed in 3/7 males at 1.0 mg/kg/day. Although a
similar change was observed in 2/6 control females, the
possibility that PFUA treatment affected the stomach in
males could not be ruled out. The findings in other organs
were considered to be incidental in main and satellite
groups, because there was no dose-dependent increase in
incidence or severity. On reproductive organs, no treat-
ment-related histopathological changes were found in the
epididymides, testis, and uterus in PFUA-treated groups.

Rody weight 1)

e (g bz

Lagtaton

Pre-mating day Gestation day day

Fig. 2. Body weight of females in main groups.

Reproductive and developmental findings

There were no significant differences in the mean
estrous cycle and in the incidence of females with a nor-
mal estrous cycle between the control and PFUA groups
either in the main or recovery group (data not shown).
The data for reproductive and developmental parame-
ters are shown in Table 5. Reproduction performance of
parental rats, delivery and nursing were not significantly
different between the control and PFUA-treated groups.
Regarding the general appearance of pups, there were no
abnormal findings in any groups. The body weights of
male and female pups on PNDs 0 and 4 were lowered at
1.0 mg/kg/day. There were no significant differences in
the sex ratio of live pups or the viability index on PND 4.
At gross pathology in pups on PND 4, thymic remnant
in the neck was observed in one male and one female at
0.3 mg/kg/day, and in two females at 1.0 mg/kg/day, and
these were considered to be incidental because of the low
incidence. There were no other changes in gross internal
findings of pups in any PFUA-treated groups.

DISCUSSION

The present study of rats was conducted to examine
the possible effects of PFUA on reproduction and devel-
opment as well as the possible general toxic effects. The
dosage of PFUA used in this study was sufficiently high
to be expected to induce general toxic effects in paren-
tal animals. The following results suggest that the liv-
er is a sensitive target organ. The weight of the liv-
er was increased in males at 0.3 mg/kg/day and above,
and in females at 1.0 mg/kg/day, and centrilobular hyper-
trophy of hepatocytes was observed in both sexes at
0.3 mg/kg/day and above, focal necrosis and/or diffuse
vacuolation of hepatocytes were also found in the 1.0
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Table 1. Hematological findings

Main group

Satellite group

Group 0 mg/kg/day 0.1 mg/kg/day 0.3 mgikg/day 1.0 mgrkg/day 0 mg/kg/day 1.0 mg/kg/day
Males
Number of animals 5 5 5 5 5 5
WBC (10¥ud)y 1212+ 31.4 94.8 £21.1 127.6 + 35.4 129.8 + 23.5 73.4+268 111.6 & 19.5%
RBC (104/ul) 830 + 40 846 = 25 8524 20 869 + 23 894 + 34 886 = 47
HGB (g/dl) 156+ 0.4 15.7+0.6 154+ 04 15.6+ 0.7 16.0£ 0.4 153409
MCV 1 3525+18 51.4+1.7 50.6 £ 0.7 5001+ 1.4% 509+ 1.5 494+ 19
MCH pg  188=05 18.6+0.8 18.1+£0.4 17.9 £ 0.4* 17.9+0.3 17.3+0.7
Platelet (10%uly  98.7+3.7 1214 £52%% 1092+ 8.8 111.2 + 8.8* 107.8+12.4 1227+ 18.6
APTT (sec) 22+4.] 192+19 20842 16.6 + 0.7% 204 £ 1.7 17.2 £ 2.6%
F’ibrinogcn mg/dl 294 £ 20 273£35 283 £ 31 200 £ 23%%* 304 £ 35 245 + 22%
Females
Number of animals 5 5 5 5 5 5
WBC (10¥ul) 1434 +£438 12874254 151.8£33.5 159.2 £ 45.1 38.6+ 149 65.1 £ 13.6
RBC (10%ud 702 % 46 680 + 67 692 & 50 645 51 830 & 30 846 + 56
HGB (g/dl) 13.1£1.0 135+ 1.0 13.5+ 1.1 13.240.8 1544 0.4 154+ 1.0
MCV fll 527+13 56.7+ 4.5 550+ 1.2 58.0 £ 3.1% Sld+1.4 50.0£1.2
MCH pg 18.6 0.5 200+ 1.6 19506 20.5 + 1.1% 18.6 0.6 182+ 0.6
Platelet (10Yul)y 1594 +27.4 141.0£22.7 164.8 % 19.6 161.8 = 30.9 130.6 % 13.7 125.7 + 18.1
APTT (sec) 17.6+ 1.8 17.5+2.4 179423 152433 179423 17429
Fibrinogen mg/dl 335453 319+ 95 282 =49 228 & 42% 20710 176 = 31

Values are given as the mean = S.D.

*: Significantly different from the control, p £ 0.05. *#: Significantly different from the control. p £ 0.01.

mg/kg/day group. In rodents, it is clear that the hepat-
ic response to exposure to many perfluoroalkyl com-
pounds is initiated by the activation of the nuclear hor-
mone receptor, PPARa (ATSDR, 2009), and PFUA
activates mouse PPARw in vitro (Wolf ef ¢f., 2012). The
hepatic proliferative responses, including an increase in
the liver weight and centrilobular hypertrophy of hepa-
tocytes, observed in the present study might have been
initiated by the activation of PPARq, although there is
a scientific consensus that compounds which are per-
oxisome proliferators in rodents have little or no effect
on human liver (IARC, 1995). Regarding the toxic-
ity of PFAAs, the involvement of mechanisms other
than PPARa has been suggested (Peters and Gonzalez,
2011), so further research on the toxicity mechanism of
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PFUA is desired.

Effects on the body weight of adult males/females and
pups were observed only at 1.0 mg/kg/day. In adult ani-
mals, suppression of body weight gain was observed in
males/females in the administration and/or recovery peri-
ods, although not in females in the premating and ges-
tation periods. It is considered that these body weight
changes were a direct effect of PFUA because they
were not related to food consumption. There is a possi-
bility of maternal-fetal/infant transfer of PFUA, because
maternal-fetal transfer and maternal-infant transfer of
PFOA through breast milk have been observed in rats
(Hinderliter ef a/., 2005). Because there was no differ-
ence in the length of the gestation period in dams dosed at
1.0 mg/kg/day compared to the controls, and because sup-
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Table 2. Blood biochemical findings

Main group Satellite group

Group 0 mg/kg /day 0.1 mg/kg/day 0.3 mg/kg/day 1.0 mg/kg/day 0 mg/kg/day 1.0 mg/kg/day
Males
Number of animals 5 5 5 5 5 5
AST (un 67+9 70+ 4 73+ 17 77+6 62+9 73+ 12
ALT (U 31£3 32+3 34+3 39 & 7% 31+35 37+ 5
ALP (un 427+ 126 461 + 85 514496 1021 & 179%% 379 £ 95 T07 & 152%%
Total cholesterol  (mg/dl) 56+ 14 - 47+ 8 34 & 6%% 46 £ 11 55+ 18 53% 13
Triglyceride (mg/dD) 48 £ 10 70 + 42 41 +9 46 £ 16 52417 45+ 27
Phospholipid  (mg/dl) 90+ 13 82+ 14 65 + 9% 87+ 11 87+ 19 92+ 21
BUN (mg/db) 13£2 14+3 151 21 & 4% 17+2 23 £ 5%
Na (mmol/l) 147 x£2 146 +2 147 % 1 145 4 1 145 £ | [43 & ¥
Ci (mmol/l) 1082 108 £ | 109+ 1 109+3 107 + 1 108 + 1
Ca (mg/dly  10.1%£0.2 10.0 £ 0.3 10,0+ 0.3 9.7 £0.2% 9.9+0.3 9.5+0.3
Total protein (g/dl) 6.2x0.2 6.0+ 0.3 6.1+0.1 5.5 4 0,3%% 6.3+0.1 5805
Albumin (g/dly 2.8+0.1 2.8+0.1 29£0.0 2.6+£0.1*% 27+0.1 2.8+0.2
AIG 0.80 + 0.07 0.86 + 0.03 0.93+0.05%* (.88 £ 0.06 0.77 + 0.04 0.93 + 0.09%*
Females
Number of animals 5 5 5 5 5 3
AST (TU/n 84 + 21 9212 86+ 15 81+12 5944 68+ 11
ALT U] 53+9 5512 50+ 18 49 = | 26+ 4 28 & 4
ALP aum 21972 242 + 42 286+ 176 263+ 18 158 28 289 & 54
Total cholesterol ~ (mg/dl) 60+ 11 5213 41 £ 13* 49+ 8 78+ 16 64 + 14
Triglyceride (mg/d1) 54+ 11 38+ 12 41+ 18 60 +25 28+ 11 20+3
Phospholipid ~ (mg/dD) 112+ 13 94+ 18 80 4+ 20% 98+ 11 141 420 108 & 15%
BUN (mg/dh 13+2 13+4 16£3 19 £ 2%% 20+ 3 29+ 7%
Na (mmol/) 1411 1412 143 %1 142+ 1 143 + 1 143 +
Cl (mmol/l) 106 £ 1 107+2 108 +2 108 & 2* 109 = 1 112+2
Ca (mg/dl)  10.3£0.2 102+04 103+ 0.1 10.0£0.3 102+£0.3 9.9+ (.2
Total protein (g/dl) 6.2+02 5.8+ 0.3% 6.0£0.1 5.6+ 0.2%* 6.7+02 3.8+ 03%*
Albumin (g/dl) 28x0.2 2802 2.8+0.1 2.7+0.2 31+02 29+03
AlIG 0.85 +0.05 0.92 + 0.05 0.89 = 0.07 0.91+0.11 0.87 £ 0.04 1.01 = 0.09*

Values are given as the mean + S.D.
*: Significantly different from the control. p £ 0.05. **: Significantly different from the control, p < 0.01.

pression of body weight gain in females during pregnan-
cy was not observed, the lowered body weight on PND 0
was considered a direct effect of PFUA due to intrauter-
ine exposure. Also in other PFCAs, low values of body
weight of pups at birth without effects on the body weight

of dams in the gestation period were observed (Butenhoff
ef al., 2004; Loveless ef al., 2009). The lowered body
weight on PND 4 was considered to be a direct effect of
PFUA by ingestion of breast milk, as well as a second-
ary effect of PFUA caused by the lowered body weight in
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Main Group Satellite Group
Dose (mg/kg/day) 0 (control) 0.1 0.3 1.0 0 (control) 1.0
Males
No. of animals examined 5 5 5 5 5 5
Brain (g) 2.18+0.08 2.18 £0.09 2.15+0.08 2.17+0.08 2.09 + 0.04 2.14+0.13
(%) 0.42£0.03 0.4 +0.03 0.41 £0.01 0.44 £ 0.05 0.39 + 0.03 0.44 & 0.03%*
Throidb (mg) 224418 257%25 211429 223435 235+£35.8 18.7+29
(%) 43+04 4.7+£04 4.1£0.6 4.5+0.7 44£05 3.8+04
Thymus (mg) 29790 432 £ 173 342 + 106 260 £ 61 250 + 80 251 & 67
(Yo) 57%19 79 =27 66+ 21 53+ 16 47 £ 17 50+ 11
Heart (g 1.52+£0.1 1.5%0.2 1.51 +0.03 1.38 = 0.17 1.46 + 0.17 1.29 4 0.19
%y 0.2940.02 0.28 = 0.04 0290 0.28 + 0.02 0.28 + 0.02 0.27 +£0.02
Liver () 15.12+£214  1645+2.06 17544 0.73 2095 +£2.56%* 1419+ 1.56 19.85 £ 3.03%*
(%y 2.88+0.27 3.02+0.19 3.39£0.16%% 418+ 0.19%* 2.67+0.22 4.07 £ 0.36%*
Spleen () 084016 0.76 = 0.09 0.79 + 0.05 0.65 + 0.09* 0.72+0.11 0.72 £ 0.04
%y 0.1640.03 0.14 £ 0.01 0.15£0.01 0.13+£0.01* 0.14 + 0.02 0.15+0.01
Kidney® (g) 3.43+031 3.44 + 0.38 3.51+£0.08 3.4+0.17 351+ 0.31 332+£043
(%) 0.65 £ 0.06 0.63 £ 0.04 0.68+0.03 . 0.68+0.06 0.66 +0.03 0.68 + 0.04
Adrenalb (mg) 64+ 13 70£8 68 3 58£9 61£9 46 + 8*
(%)? 12+£2 13%1 13+ 1 121 12£2 9% |
Testigb< (g¢)  3.34+0.21 3.57 +0.26 3.48 £0.28 2.98 + (.86 3.49 4 0.26 3.57#0.35
(%) 0.63 +£0.07 0.67 + 0.05 0.68 + 0.06 0.62+0.17 0.66 + 0.03 0.74 £ 0.07*
Epididymisbe (mg) 1339+ 84 1420 = 112 1368 + 199 1578 + 950 1337 £ 51 1388 £ 87
(%) 252+ 21 26525 268 + 36 335220 252+ 11 288 + 34
Females
No. of animals examined 5 5 5 5 S 5
Brain () 1.99+£0.05 1.97 + 0.08 1.98 + 0.09 24 0.04 1.96 + 0.09 1.86 = 0.06
%y 0.64+0.04 0.66 + 0.03 0.65 £ 0.05 0.67 + 0.06 0.68 = 0.08 0.78 & (0.02%*
Throidb (mg) 17.2+18 19.24+3.2 175+3 16.9 £ 0.7 17.2+2.7 147+ 1
(%) 55+08 65+1.1 5.8+ 1.1 5.6+0.6 6+ 1 62+03
Thymus (mg) 192%16 170 £ 102 243+ 82 249 £ 58 245+ 98 147 £ 39
(%) 61 +4 56 + 32 79 + 24 82+ 14 85+ 39 62 £ 23
Heart (g) 1.02+0.08 0.96 + 0.06 0.92 £ 0.04 0.94+0.11 0.86 + 0.05 0.73 £ 0.03%*
%y 0.33+£0.03 0.32 £ 0.01 0.3 +0.01 0.31+0.02 0.29 + 0.02 0.31+0.01
Liver () 10.56+0.68 10.61 +0.48 10.55 £ 1.48 12,76 £ 1.00%* 7.22 £0.38 8.63 4 1.04%
(%y 3.37£0.12 3.57+0.13 3.46 +0.36 421+ 0.15%* 248 £0.14 3.64 £ 0.47%*
Spleen () 0.62+0.06 0.65+0.16 0.65 £ 0.1 0.66 +0.15 0.49 + 0.05 0.43 £ 0.05
] (%) 0.2+ 0.02 0.22£0.05 0.22 £ 0.02 0.2140.03 0.17 = 0.02 0.18+0.01
Kidney® (g) 224042 1.96 + 0.18 2.06+0.19 2.05 +0.09 1.89 £ 0.14 1.93+0.17
(%) 0.72+0.14 0.66 = 0.06 0.68 +£0.07 0.68 + 0.04 0.64 = 0.02 0.81 £ 0.07%*
Adrenald (mg) 82+ 4 84+ 10 89+ 14 80+ 13 70+ 8 49 & 5=
(%) 262 28+5 30+5 26+ 3 25+5 21 %1

Values are given as the mean = S.D.
a Ratio of organ weight to body weight (relative organ weight). *: Values are represented as the total weights of the organs on both
sides. < Organ weight was measured for all animals (number of examined animals: 7 at 0 and 1.0 mg/kg/day and 12 at 0.1 and 0.3
mg/kg/day in the main group, and 5 at 0 and 1.0 mg/kg/day in the recovery group.)
#: Signiticantly different from the control, p £ 0.05. *¥: Significantly different from the control, p £ 0.01.
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Table 4. Histopathological findings

Males Females B
Main Satellite Main Satellite
Dose (mg/ke/day) 0 01 03 10 "0 10 0 01 03 L0 "0 10
Heart
Number examined 5 0 0 5 5 0 0 5
Cardiomyopathy (minimal) 1 1 0 0
Kidney
Number examined 5 0 1 5 5 0 0 3 l
Dilatation, pelvic 0 1 0 | 0 l
(minimal) I 1
(moderate) 1
Regeneration, tubular 4 1 1 1 1 0
(minimal) 3 1 1 [ 1
(mild) 1
Liver
Number examined 7 1212 7 5 5 12 12 12 12 5 5
Vacuolation, hepatocytes, diffuse 0 0 0 3 0 1 0 0 0 0 0 0
(minimal) 2 1
(mild) 1
Necrosis, focal (minimal) 0 0 0 2 0 0 0 0 0 2 0 0
Cell infiltration, Glisson's sheath (mild) 0 0 0 0 0 0 0 0 0 0 0 2
Microgranuloma 4 3 1 2 3 3 1 ] 0 2 4 4
(minimal) 4 3 1 2 3 3 1 | 2 4 2
(mild) ‘ 2
Degeneration, hepatocytes. centrilobular (minimal) 0 0 0 0 3 0 0 0 0 0 3
Hypertrophy. hepatocytes. centrilobular 0 0 3 7 0 5 0 0 1 11 0 5
(minimal) 2 1
(mild) 1 2 3 3 2
(moderate) 35 2 3
Spleen
Number examined 5 0 0. 3 5 0 0 5
Hematopoiesis. extramedullary (minimal) 4 1 5 4
Stomach
Number examined 7 2 12 7 5 5 6 0 0 5
Erosion, glandular stomach (minimal) 0 0- 0 3 0 0 0
Thymus
Number examined 5 0 0 3 5 1 0 3
Atrophy, lymphoid (mild) 0 0 0 1 0
Thyroid
Number examined 3 0 0 5 5 0 0 3
Ectopic thymus (minimal) 0 0 0 1
Cyst. ultimobranchial (minimal) 1 2 2 0
Testis
Number examined 5 0 0 5
Not remarkable 5 5
Epididymis
Number examined 5 1 0 3
Granuloma. spermatic 1 1 1
{minimal) | i
(mild) 1
Uterus
Number examined 5 1 0 5
Dilatation. lumina (minimal) 0 1 0
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Table 5. Reproductive and developmental parameters

0 mg/kg/day

0.1 mg/kg/day 0.3 mg/kg/day 1.0 mg/kg/day

Number of animals (males/females) 12/12 12712 12/12 12/12
Copulation index (males/females) (%) 100/100 100/100 100/100 100/100
Fertility index (%) 100 91.7 100 100
Gestation index (%) 100 100 100 100
Number of pregnant animals 12 11 12 12
Gestation length (days) 22.04+0.3 22.1+0.5 22.1+05 21.7+0.2
Number of corpora lutea 158+ 1.9 16,8+ 1.8 16219 162+ 15
Number of implantation sites 14.6+2.0 155+£33 15019 [5.3+1.6
Implantation index (%) 92.0£5.5 910+ 154 92.8 4+ 6.0 948444
Number of litters 12 11 12 12
Number of live pups on PND 0 139+£22 145+ 3.4 3.1+£3.1 13522
Live birth index (%) 98.9+2.6 973+ 53 93.2 % 18.2 97.9 % 4.1
Sex ratio 0.51 0.47 0.55 0.52
Number of live pups on PND 4 13719 14.0+32 12.8 £ 3.1 134£22
Viability index (%) 98.5+2.8 97.1+3.3 97.7+5.9 99.4 £ 2.2
Body weight of male pups (g)

on PND 0 6.7+03 6.7+ 0.6 6.4+05 5.8 £ 0.3%%

on PND 4 105+0.5 10.1+1.8 102+ 1.2 8.5 £ 0.7%%
Body weight of female pups (g)

on PND 0 6.4+04 6.3+0.6 6.1£0.6 5.6+ 0.2%%

on PND 4 9.9+ 0.6 9.7+ 1.7 95+0.8 8.3+ 0.7%%

Values are given as the mean = S.D.
*#: Significantly different from the control, p £ 0.01.

dams. Inthe PFOA oral dose study (Abbott ef a/., 2007),
the reduction of postnatal weight gain appeared to depend
on PPARa expression.

The elimination rate of PFOA in female rats is approx-
imately 40 times faster than in male rats (ATSDR, 2009).
Organic anion transport proteins play a key role in PFCAs
(C4 to C10) renal tubular reabsorption (Han ef af., 2012),
and the slower elimination of PFOA in male rats com-
pared to female rats has been attributed to sex hormone
modulation of organic anion transporters in the kidney
{ATSDR. 2009). In the present study, there were slight
gender differences in the hepatotoxicity of PFUA: liv-
er weight increased in males at 0.3 mg/kg/day and above
and in females at 1.0 mg/kg/day, and histopathological
findings observed in the 1.0 mg/kg/day groups were more
numerous and severer in males than in females. The gen-
der differences in hepatotoxicity observed in the present
study are considered to be attributable to faster elimina-
tion in female rats, as with other PFCAs.

Increased liver weight and hepatocellular hypertro-
phy, induced by activation of PPARa, were generally
observed in previous studies on PFAAs. Significant per-
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oxisome proliferative activity seems to require a car-
bon length more than 7 (ATSDR, 2009). In gavage stud-
ies of PFAAs in male rats, which are more sensitive than
females, the following results were obsérved; for PFOA
{C8), increased liver weight and hepatocellular hyper-
trophy at 5 mg/kg/day for 28 days (Cui ez «/., 2009): for
perfluorononanoic acid (C9), increased liver weight at
1 mg/kg/day for 14 days (Fang ef al., 2012); for per-
fluorododecanoic acid (C12), increased liver weight at
0.02 mg/kg/day for 110 days (Ding ef /., 2009). In the
current study of PFUA (C11), increased liver weight and
centrilobular hypertrophy of hepatocytes were observed
from 0.3 mg/kg/day for 42 days. In consideration of dif-
ferences in the administration period or doses in these
studies, the intensity of the liver toxicity of PFUA (C11)
was estimated to be between C9 and C12, suggesting
that the toxic potency of PFAAs (C8-C12) increases by
lengthening their carbon chain. This is because hydropho-
bicity, which increases as carbon length increases, seems
to favor biliary enterohepatic recirculation, resulting in
more protracted toxicity (ATSDR, 2009). In contrast,
42-day administration of PFOdA (C18) increased liver
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weight at 200 mg/kg/day but not at 40 mg/kg/day in male
rats (Hirata-Koizumi er al., 2012). In comparison with
other PFAAs (C8-C12), including PFUA (C11), PFOdA
induced liver toxicity at higher doses, and this may be
due to the low absorption of PFOdA into the body.

At 1.0 mg/kg/day in the main group, the following
effects on hematological and blood biochemical parame-
ters were observed: a decrease in fibrinogen was observed
in males and females, but increases in APTT and PT were
not observed, suggesting that there would be no toxico-
logically significant effects on the blood coagulation sys-
tem; decreases in fibrinogen, total protein and albumin
observed in males and/or females may be due to reduced
synthesis in the damaged liver; the increase in BUN
observed in males and females could be due to increased
hepatic protein catabolism, because urinalysis parameters
and the gross and microscopic appearance of the kidneys
were not changed; and the increase of ALP in males was
related to the histopathological findings in the liver. These
effects except for the decrease in fibrinogen in females
were observed also at the end of the recovery period, and
the increase of ALP was observed in females only after
the recovery period. Moreover, in histopathological find-
ings, centrilobular degeneration of hepatocytes in both
sexes and Glisson’s sheath cell infiltration in females
were observed only at the end of the recovery period,
and in females, centrilobular hypertrophy of hepatocytes
was more serious at the end of the recovery period. These
results suggest that the whole body elimination of PFUA
in rats, as well as other PFCAs, is slow. There are some
reports indicating that PFCAs are secreted in bile and
undergo extensive reabsorption from the gastrointesti-
nal tract (Kudo er af., 2001; Vanden Heuvel ef al., 1991a,
1991b; reviewed in ATSDR, 2009). In general, PFCAs
with longer carbon chains (C4-C10) have a longer half-
life (Hirata-Koizumi ez a/., 2012). Although the elimina-
tion half-life of PFUA is unknown, the hal{-life after intra-
venous injection of perfluorodecanoic acid (PFDeA, C10)
in rats was about 40 to 60 days (Ohmori ef a/., 2003), It
is estimated that the half-life of PFUA is longer than the
recovery period, 14 days, and it is reasonable that some
effects of PFUA appear after the recovery period. The
above findings may be effects of PFUA caused by enter-
ohepatic recirculation, which lasted through the dosing
and recovery periods. The decrease in grip strength of the
forefoot observed in males and females at 1.0 mg/kg/day
in the satellite group was considered a secondary effect
related to suppression of body weight gain.

In conclusion, the NOAEL for repeated dose toxicity
is considered to be 0.1 mg/kg/day based on the observed
centrilobular hypertrophy of hepatocytes in both sexes at

0.3 mg/kg/day, and the NOAEL for reproductive/develop-
mental toxicity is considered to be 0.3 mg/kg/day based on
the lowered body weight of pups at birth and body weight
gain at 4 days after birth inhibited at 1.0 mg/kg/day.

ACKNOWLEDGMENTS

This study was undertaken under the Japanese safety
programme for existing chemicals funded by the Ministry
of Health, Labour and Welfare, Japan, and was supported
by a Health and Labour Sciences Research Grant (122~
Kenki-Ippan-006, H25-Kenki-Ippan-007) from the Minis-
try of Health, Labour and Welfare, Japan.

REFERENCES

Abbott, B.D.. Wolf, C.J., Schmid, J.E., Das. K.P., Zehr, R.D..
Helfant, .., Nakayama. S.. Lindstrom, A.B.. Strynar, M.J. and
Lau, C. (2007): Perfluorooctanoic acid-induced developmental
toxicity in the mouse is dependent on expression of peroxisone
proliferator-activated receptor-alpha. Toxicol. Sci., 98. 571-581.

ATSDR (2009): Toxicological profile for Perfluoroalkyls (Dralt for
Public Comment), U.S. Department of health and human servic-
es, Public health service, Agency for Toxic Substances and Dis-
ease Registry (ATSDR). May 2009.

ButenhofT, J.L., Kennedy, G.L.Jr,, Frame, S.R., O'Connor, J.C. and
York, R.G. (2004): The reproductive toxicology of ammonium
perfluorooctanoate (APFO) in the rat. Toxicology. 196. 95-116.

Calafat, A.M., Needham, L.L., Kuklenyik, Z.. Reidy, 1.A.,
Tully, J.S., Aguilar-Villalobos, M. and Nacher, L.P. (2006): Per-
fluorinated chemicals in selected residents of the American con-
tinent. Chemosphere, 63, 490-496.

Calafat, A.M., Kuklenyik, Z.. Reidy, J.A., Caudill, S.P., Tully. .S,
and Needham, L.L. (2007a): Serum concentrations of 11 poly-
fluoroalkyl compounds in the U.S. population: Data from the
National Health and Nutrition Examination Survey (NHANES)
1999-2000. Environ. Sci. Technol., 41, 2237-2242.

Calafat, A.M., Wong. L.Y., Kuklenyik, Z., Reidy. J.A. and
Needham, L.L. (2007b): Polyfluoroalkyl chemicals in the U.S,
population: Data from the National Health and Nulrition Exam-
ination Survey (NHANES) 2003-2004 and comparisons with
NHANES 1999-2000. Environ. Health Perspect., 115, 1596-
1602. .

CHRIP (2013): Chemical Risk Information Platform. Available at:
http://www.sale nite.go jp/japan/db.itml, accessed in March and
October 2013, or at: http://www.meti.go.jp/policy/chemical
management/kasinhow/information/volume_index.html.

Cui, L., Zhou, Q.F., Liao. C.Y., Fu, J.J. and Jiang, G.B. (2009):
Studies on the toxicological effects of PFOA and PFOS on rats
using histological observation and chemical analysis. Arch.
Environ, Contam. Toxicol., 56, 338-349.

Ding, L., Hao, F., Shi, Z., Wang, Y., Zhang, I., Tang, H. and Dai. J.
(2009): Systems biological responses to chronic perfluorodo-
decanoic acid exposure by integrated metabonomic and tran-
scriptomic studies. J. Proteome Res., 8, 2882-2891.

Domingo, J.L., Ericson-Jogsten, 1., Eriksson, U., Martorell, 1.,
Perell6. G., Nadal, M. and van Bavel, B. (2012): Human dietary
exposure to perfluoroalkyl substances in Catalonia, Spain. Tem-

Vol. 39 No. |



M. Takahashi ef al.

poral wend. Food Chem.. 135, 1575-1582.

ECHA (2012): European Chemicals Agency. Member state commit-
tee. support document for identification of Henicosafluorounde-
canoic Acid as a substance of very high concern because of its
vPvB properties. Adopted on 13 December 2012,

Environment Canada (2010): Draft ecological screening assessment
report. Long-chain (C9-C20) Perfluorocarboxylic acids, their
salts and their precursors. October 2010.

EPA (2013a): U.S. Environmental Protection Agency. Perfluoroocta-
noie Acid {PFOA) and Fluorinated Telomers. Available at: http:/
wwiw.epa.gov/opptint/pfoa/index.html, accessed in Mar 2013.

EPA (2013b): U.S. Environmental Protection Agency. PFOA Stew-
ardship Program Reporting Guidance. Available at: http://
www.epa. gov/opptintr/pfoa/pubs/stewardship/ploaguidance.
hum#minimize. accessed in Mar 2013,

Fang. X.. Zou, S.. Zhao, Y.. Cui, R.. Zhang. W., Hu, ). and Dai, I.
(20 12): Kupffer cells suppress perfluorononanoic acid-induced
hepatic peroxisome proliferator-activated receptor u expression
by releasing cylokines. Arch. Toxicol.. 86, 1515-1525.

Han, X., Nabb, D.L., Russell, M.H., Kennedy. G.L.. and
Rickard, R.W. (2012): Renal elimination of perfluorocarboxy-
lates (PFCAs). Chem. Res. Toxicol., 25, 35-46.

Hinderliter, PM., Mylchreest, E.. Gannon, S.A.. Butenhoff, J.L. and
Kennedy, G.1L.Jr. (2005): Perfluorooctanoate: Placental and lac-
tational transport pharmacokinetics in rats. Toxicology, 211,139~
148.

Hirata-Koizumi, M., Fuyjii, S., Furukawa, M., Ono, A. and
Hirose, A. (2012): Repeated dose and reproductive/developmen-
tal toxicity of perfluorooctadecanoic acid in rats. J. Toxicol. Sci.,
37. 63-79.

IARC (1993). Peroxisome Proliferation and its Role in Carcino-
genesis. International Agency for Research on Cancer (IARC),
Working Group of 7-11 December 1994, Report N° 24, Lyon.
France. 11.

Japanese law (2005): Act on Welfare and Management of Animals.
Act No.103 of October 1. 1973. As amended up to Act No.68 of

-~ June 22.2005.

Japanese law (2009): Act on the Evaluation of Chemical Substanc-
es and Regulation of Their Manufacture. etc. Law number: Act
No. 117 of 1973. Amendment: Act No.39 of 2009.

Kudo. N., Suzuki, E., Katakura, M.. Ohmori. K.. Noshiro, R. and
Kawashima, Y. (2001): Comparison of the elimination between
perfluorinated fatty acids with different carbon chain length in
rats. Chem. Biol. Interact., 134, 203-216.

Kuklenyik, Z.. Reich, J.A.. Tully, J.S., Needham, L.L. and
Calafat. A.M. (2004): Automated solid-phase extraction and
measurement of perfluorinated organic acids and amides in
human serum and milk. Environ. Sci. Technol., 38, 3698-3704.

Lau, C.. Anitole, K., Hodes, C., Lai, D., Pfahles-Hutchens, A. and
Seed, 1. (2007): Perfluoroalkyl acids: a review of monitoring and
toxicological findings. Toxicol. Sci., 99, 366-394.

Vol. 39 No. |

Loveless, S.E.. Slezak, B., Serex, T., Lewis, I., Mukerji, P.,
O'Connor, J.C., Donner. EM., Frame, S.R., Korzeniowski, S.H.
and Buck, R.C. (2009): Toxicological evaluation of sodium per-
fluorchexanoate. Toxicology, 264, 32-44.

MOE, METI and MHLW (2003): Standard concerning testing lab-
oratories implementing tests for new chemical substances elc.
Joint notification by director generals of Environmental Pol-
icy Bureau, Japan. Ministry of the Environment (MOE) (Kan-
pokihatsu No 031121004) and Manufacturing Industries Bureau,
Ministry of Economy, Trade and Industry (METI) (Seikyoku-
hatsu No 3), dated November {7, 2003 and by director general
of Pharmaceutical and Food Safety Burcau, Minisiry of Health.
Labour and Welfare (MHLW) (Yakusyokuhatsu No 1121003).
dated November 21. 2003.

MOE, METI and MHLW (2008): Partial amendments of the stand-
ard concerning testing laboratories implementing tests for new
chemical substances etc. Joint notification by director generals
of Environmental Policy Bureau, Japan, Ministry of the Envi-
ronment (MOE) (Kanpokihatsu No 080704001) and Manu-
facturing Industries Bureau, Ministry of Economy, Trade and
Industry (METT) (Seikyokuhatsu No 2), dated June 30, 2008 and
by director general of Pharmaceutical and Food Safety Bureau,
Ministry of Health, Labour and Welfare (MHLW) (Yakusyoku-
hatsu No 0704001), dated July 4, 2008.

Ohmori, K., Kudo, N., Katayama, K. and Kawashima. Y. (2003):
Comparison of the toxicokinetics between perfluorocarboxylic
acids with different carbon chain length. Toxicology, 184. 135-
140.

Peters, J.M. and Gonzalez, F.J. (2011): Why toxic equivalency fac-
tors are not suitable for perfluoroalkyl chemicals. Chem. Res.
Toxicol.. 24, 1601-1609.

So. M.K.. Yamashita, N., Taniyasu, S., Jiang. Q., Giesvy, J.P.,
Chen, K. and Lam, PK. (2006): Health risks in infants associat-
ed with exposure to perfluorinated compounds in human breas(
milk from Zhoushan, China. Environ. Sci. Technol.. 40, 2924~
2929.

Vanden Heuvel, J.P., Kuslikis, B.1., Shrago, E. and Pelerson. R.E.
(1991a): Inhibition of long-chain acyl-CoA synthetase by the
peroxisome proliferator perfluoredecanoic acid in rat hepato-
cytes. Biochem. Pharmacol., 42, 295-302.

Vanden Heuvel, J.P., Kuslikis, B.I., Van Rafelghem, M.J. and
Peterson, R.E. (1991b): Disposition of perfluorodecanoic acid in
male and female rats. Toxicol. Appl. Pharmacol., 107, 450-459,

Vestergren, R., Berger, U., Glynn, A. and Cousins, I.T. (2012): Die-
tary exposure to perfluoroalkyl acids for the Swedish population
in 1999, 2005 and 2010. Environ. Int., 49, 120-127.

Wolf, C.J., Schmid, I.E., Lau, C. and Abbott. B.D. (2012): Acti-
vation of mouse and human peroxisome proliferator-activated
receptor-alpha (PPAR«) by perfluoroalkyl acids (PFAAs): fur-
ther investigation of C4-C12 compounds. Reprod. Toxicol., 33.
546-551.



Separation and Purification Technology 107 (2013) 79-84

Contents lists available at SciVerse ScienceDirect
Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

Adsorptive virus removal with super-powdered activated carbon

Taku Matsushita *, Hideaki Suzuki, Nobutaka Shirasaki, Yoshihiko Matsui, Koichi Ohno

Graduate School of Engineering, Hokkaido University, N13W8, Supporo 060-8628, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 17 April 2012

Received in revised form 10 January 2013
Accepted 15 January 2013

Available online 31 January 2013

Keywords:
Bacteriophage

Drinking water treatment
Hydrophobicity

Zeta potential

We investigated the removal of bacteriophages by adsorption on commercially available powdered acti-
vated carbon (N-PAC, median diameter >10 pun) and super-powdered activated carbon (S-PAC, median
diameter 0.7-2.8 pm). N-PACs failed to remove the virus in Milli-Q water buffered with 100 uM Ca®",
but some S-PACs successfully removed it under the same condition. Three factors contributed substan-
tially to virus removal: a smaller electrophoretic repulsive force between the virus and the PAC particles,
a large proportion of pores 20~50 nm in diameter, and a greater hydrophobicity of the virus surface.

© 2013 Published by Elsevier B.V.

1. Introduction

The development of detection techniques based on molecular
biology has enabled us to detect fragments of viral genomes in
environmental waters, including drinking water sources, highlight-
ing the need to ensure the removal of viruses at drinking water
treatment plants. Although disinfecting water with hypochlorite
ensures the biological safety of the finished water, the risk of virus
infections can be reduced by physicochemical treatments such as
coagulation-sedimentation-sand filtration; physical sieving pro-
cesses such as ultrafiltration, nanofiltration, and reverse osmosis;
and ozonation and UV irradiation.

Activated carbon adsorption is widely used to treat drinking
water in Japan. Granular activated carbon (GAC) is used in combi-
nation with ozonation for removing byproducts derived from the
oxidative decomposition of organic matter. Powdered activated
carbon (PAC) is seasonally applied with excellent results for
removing chemicals with an earthy-musty odor and pesticides. It
has also been tested for virus removal. Adsorption experiments
with a GAC-loaded (20 x 50 mesh, equivalent to 297-853 pum) col-
umn-type reactor removed only 24-50% of poliovirus [1]. Worse,
GAC filtration did not remove bacteriophage MS2 {2]. These results
indicate that GAC is not suitable for substantial virus removal
within the contact time allowed in actual drinking water treat-
ment, probably on account of a low rate of adsorption of virus.
Indeed, only 70% of bacteriophage T4 was removed by activated
carbon (300-425 pm) after 2 hh of contact time {3]. Accordingly,
effective virus removal by activated carbon will require a longer
contact time, an extremely high dose of activated carbon, or both.

* Corrésponding author. Tel.ffax: +81 11 706 7279.
E-mail address: taku-m@eng.hokudai.ac.jp (T. Matsushita).

1383-586G6/$ - see front matter © 2013 Published by Elsevier B.V.
http://dx.doi.org/10.1016/j.seppur.2013.01.017

Reducing the particle size of activated carbon increases the rate
of adsorption [4,5], because the travel distance for intraparticle ra-
dial diffusion is reduced and the specific surface area per adsorbent
mass is increased [6]. Pulverizing activated carbon would therefore
overcome the problems of slow adsorption kinetics, but the PAC
particle size was previously limited to about 5pum. Recent
advances in nanotechnology now enable pulverization down to
submicron or nanometer size ranges at a reasonable cost, produc-
ing super-powdered activated carbon (S-PAC) [7-9]. As S-PAC
might improve virus removal, our objectives were to investigate
the effect of pulverization of PAC particles on virus removal and
the factors contributing to virus removal.

2. Materials and methods
2.1. Activated carbon

We tested 11 commercially available, thermally activated, nor-
mal PACs (N-PACs): 9 wood-based, 2 coconut-based, and 1 coal-
based (Table 1). To prepare the S-PACs, we ground the N-PACs in
a wet bead mill (Metawater Co., Ltd., Tokyo, Japan). We used both
sets of materials to determine the effects of particle size on virus
removal by adsorption. The PACs were dried in an oven at 105 °C
and stored in a desiccator before use. They were then made into
5% slurries in Milli-Q water (Milli-Q Advantage, Millipore Corp.,
Billerica, MA, USA) and placed under vacuum to remove any air
from the pores. The slurries were stored at 4 °C before dilution
for use in the experiments. The particle size distributions were
determined by laser scattering (LMS-30 Micron Sizer; Seishin
Enterprise Co., Ltd., Tokyo, Japan). The surfaces of the N-PACs were
observed by scanning transmission electron microscopy (SEM,
JSM-7400F; JEOL Ltd., Tokyo, Japan).
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Table 1
Activated carbon used.

Raw material Median diameter (pun) Key characteristics of S-PAC
Specific surface  Element contents® (%) Functional group®
a 2
S-PAC N-PAC area (mg) ¢ 0 N s Acidic  Basic
Wood-1 Wood 0.69 13.24 1145 33 853+0.6 7.05%+097 0.14+0.01 0.10£0.02 3509 790 £ 21
Wood-2 Wood 0.83 45 873 +£39 80015 670+051 025:002 020002 193+58 7114139
Wood-3 Wood 149 NA NA NA NA NA NA NA NA
Wood-4 Wood 0.66 NA NA 846+0.8 6.72+0.11 0.15+0.00 0.11+0.03 NA NA
Wood-5 Wood 2.79 NA NA NA NA NA NA NA NA
Wood-6 Wood 138 NA NA NA NA NA NA NA NA
Wood-7 Wood 2.20 NA NA NA NA NA NA NA NA
Wood-8 Wood 0.93 11.46 1174+ 14 81.9+0.6 8.24+048 020+0.01 0.15+002 351%22 78056
Wood-9 Wood 1.65 0.6 NA NA NA NA NA NA NA
Coconut-1 Coconut shell 0.67 NA NA 88105 595+£041 0.16+0.02 0.11+0.03 425+34 32935
Coconut-2 Coconut shell 0.65 19.13 1215+ 149 89.1+0.2 530x0.10 0.18+0.04 0.06+0.02 433+16 582%29
Coal-1 Coal 0.67 NA NA 792+03 10.62£024 038+0.00 055%0.01 757+36 36636
Determination coefficient (1?) between logarithmic virus removal 0.38 0.01 0.06 0.06 0.06 0.08 0.10

indicated in Fig. 2

NA - not applicable.
* Determined with BET.

b Measured wwith an elemental analyzer (Vario EL III, Elementar Analysensysteme GmbH, Hanau, Germany).

¢ Measured with Boehm titration [28,29].

2.2. Viruses

As model viruses we used two bacteriophages, QB (NBRC
20012) and MS2 (NBRC 20015), obtained from the Biological Re-
source Center (NBRC) of the National Institute of Technology and
Evaluation (Chiba, Japan). The diameters of QB and MS2 are
235+0.8nm and 22.5%1.0nm, respectively [10]. The viruses
were propagated for 22-24 h at 37 °C in Escherichia coli F* (NBRC
13965) obtained from NBRC. The cultures were centrifuged at
3000g for 10 min and then filtered through a 0.45-um pore-size
membrane (cellulose acetate; DISMIC-25cs; Toyo Roshi Kaisya,
Ltd., Tokyo, Japan). The filtrate was purified twice in a centrifugal
filter device (molecular weight cutoff: 100,000; Centriplus-100;
Miilipore Corp., Billerica, MA, USA) to prepare virus stock solution.
Virus concentrations were measured by the plaque-forming. unit
(PFU) method according to the agar overlay method [11] using
the bacterial host E. coli F*. Average plaque counts of triplicate
plates prepared from one sample gave the virus concentration.

2.3. Batch adsorption test

Milli-Q water was buffered with 424 pM NaHCOs3 to give the
equivalent of 20 mg-CaCOs;/L of alkalinity (buffered Milli-Q water).
The buffered Milli-Q water was supplemented with 0, 100, 200,
300, 400, or 500 uM CaCl,. In a square beaker, 500 mL of solution
was adjusted to pH 6.8 with HCl, and either QB or MS2 was added
to give 10° PFU/mL. PAC was added at 20 mg/L and the suspension
was continuously stirred at G=200s~! with a jar tester, Samples
were withdrawn at 0, 1, 2, 4, and 8 h and filtered through a mem-
brane (¢ = 0.2 pum, PTFE; Toyo Roshi Kaisya) to remove the PAC
particles. The virus concentration in the permeate was measured
by the PFU method.

2.4. Electrophoretic mobility

All solutions were held for 1 day at 20 °C for the pH to stabilize.
Just before measurement, each S-PAC or virus was suspended in
the solution at ~20 mg/L or 10° PFU/mL, respectively. The electro-
phoretic mobility of S-PACs and viruses was measured with an
electrophoretic light-scattering spectrophotometer (Zetasizer

Nano ZS, 532 nm green laser; Malvern Instruments Ltd., Malvern,
Worcestershire, UK) at 25 °C and at a 17° measurement angle.

2.5. Pore size distribution analyses of PACs

Pore size was analyzed by nitrogen gas adsorption at 77 K with
an automated gas sorption analyzer (Autosorb-iQ-MP; Quanta-
chrome Instruments, Boynton Beach, FL, USA). Pore size distribu-
tions were determined by a combination of two widely accepted
models: the DFT model for the pore size distribution of micropores
(<2 nm) and the BJH theory for the volumes of mesopores and
macropores (>2 nm). '

2.6. Virus hydrophobicity

Hydrophobicity was estimated by the bacterial adhesion to
hydrocarbon (BATH) method [12]. Virus was added to 3 mL of
buffered Milli-Q water at a final concentration of ~10% PFU/mL at
pH 7.0. The solution was supplemented with 0.25 mL of solvent
(n-hexadecane, n-octane, or p-xylene). The solution was intensely
vortexed for 2min, and then rested for 15min at room
temperature to allow the solvent and water to separate. The virus
concentration in the water phase was measured by real-time PCR
[13]. A decrease in virus concentration was used as a measure of
the virus surface hydrophobicity [12].

3. Results and discussion
3.1. Comparison of virus removal between N-PACs and S-PACs

Virus removal increased with time even without PAC dosing
(black circles), probably owing to spontaneous inactivation
(Fig. 1). N-PACs (white circles) of wood-8 and coconut-2 showed
the same result as the control. S-PACs of wood-8 and coconut-2
(gray circles) also showed the same result, even though their outer
surface areas per unit mass were 12.3x and 29.4x those of the
N-PACs, respectively. N-PAC of wood-1 removed some virus. In
contrast, S-PAC of wood-1, with 19.2x the outer surface area of
the N-PAC, caused a monotonic decrease in virus concentration
with contact time, reaching a 4 log reduction after 8 h. Our result
appears to disagree with that of Powell et al. [14], who reported
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Logarithmic virus removal
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Fig. 1. Changes in virus (Qp) removal with contact time (Ca®" = 100 uM). Gray, white and black circles indicate SPAC, N-PAC and control, respectively.

that the adsorption of bacteriophage MS2 to a GAC reached equi-
librium in 3 h. However, whereas they found that the amount of
virus adsorbed had plateaued (>99% removal), we monitored the
concentration of virus in the liguid phase, which might have de-
creased further even after 99% of the virus was adsorbed. N-PAC
of wood-2 removed virus at the same extent as S-PAC of wood-1,
possibly because the particle size of N-PAC of wood-2 was much
smaller than those of other N-PACs. Virus removal with S-PAC of
wood-2 was almost the same to that with the N-PAC, possibly be-
cause the N-PAC was small enough to remove the virus and its out-
er surface area was not so much increased with the pulverization
(5.4x). The pulverization enhanced the adsorptive removal by
the wood-1 PAC, but not by the wood-2, wood-8 and coconut-2
PACs. Overall, the effect of pulverization on virus removal might
depend on the intrinsic characteristics of the PACs.

3.2. Effects of median diameter and PAC source on virus removal

We expected that finer PACs would remove more virus. How-
ever, different S-PACs with the same median diameter of
~0.7 um showed very different removals of virus: wood-1 and
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Median diameter of S-PACs,tm

Fig. 2. Relationship between median diameter of S-PACs and virus removal (contact
time = § h, Ca®* = 100 uM). Circles, diamonds and triangle represent wood-, coco-
nut- and coal-based SPACs. Logarithmic virus removals for wood-1, wood-2, wood-
8 and coconut-2 S-PACs were averaged values of two experiments with too small
deviations to see, while those for other S-PACs were obtained in one experiment.

wood-2 S-PACs achieved a removal of ~4 orders of magnitude (4
logs), whereas the other S-PACs achieved a removal of <2 logs
(Fig. 2). Virus removal may be influenced by many factors such
as raw material, specific surface area, element content, surface
functional group, pore size distribution and surface charge. Never-
theless, as the capacity of the wood-based PACs varied widely from
0.5 to 4 logs, and a coconut-based PAC removed more virus than
some wood-based PACs, the difference in virus removal seems to
be due to more than the raw materials. The inherent characteristics
of PAC listed in Table 1, i.e. specific surface area, element content
and surface functional group, obviously had no relationship with
the virus removal (1* < 0.4); other inherent factors most likely
had influence on the adsorptive removal. To investigate the factors
affecting the removal, we made a comparison in the following sec-
tions among two S-PACs that exhibited the highest virus removal
(i.e. wood-1 and wood-2 S-PACs) and 2 S-PACs that had similar
particle diameters to the superior S-PACs but exhibited the lowest
virus removal (i.e. wood-8 and coconut-2 S-PACs).

3.3. Effect of surface charge of PACs on virus removal

When virus and S-PACs were dispersed in buffered Milli-Q
water without Ca**, both particles were highly negatively charged,
and the electrostatic repulsive force between them, measured as
electrophoretic mobility, was high (Fig. 3). As the Ca* concentra-
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Fig. 3. Electrophoretic mobility of QB and S-PACs at different concentrations of
Ca®. White, gray and black circles, gray diamonds and white triangles indicate
wood-1, wood-2, wood-8, coconut-2 and QB, respectively. Error bars indicate SD of
10 measurements.
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tion increased, the electrophoretic mobilities of both virus and S-
PACs decreased. In general, an increase in ionic strength com-
presses the diffuse layer of ions surrounding a charged particle,
decreasing the extent of the charge. This behavior has been seen
before in viruses [15-18]. Our results support this.

The repulsion energy (V) of the electrical double layer between
two closely spaced spheres is described as follows [19]:

did,
iid exp(—ich) M

Vi = 21601 {>

where ¢ is the permittivity of the medium, ¢; and ¢ are the zeta
potentials of the spheres, d; and d, are the diameters of the spheres,
and h is the minimum surface-to-surface separation between the
spheres. k is the Debye-Hiickel reciprocal length:

€23 1z}
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where e is the elementary charge, ng is the number concentration of
ions in the bulk solution, z is the valency of the ion, k is the Boltz-
mann constant, and T is the absolute temperature. When virus
and S-PAC were spaced 0.2 nm apart, as the Ca®* concentration in-
creased, the repulsion decreased (Fig. 4). Virus removal improved
from 1-3 logs at 0 pM-Ca®* to 3-6 logs at 500 pM-Ca®*, Thus, virus
removal was enhanced as the repulsion decreased. A higher ionic
strength compresses the electrical double-layer of charged parti-
cles, reducing the electrostatic repulsion between like-charged par-
ticles and enabling the particles to move nearer to each other
[17,21,22]. The adsorption of the virus onto the S-PAC was most
likely hampered by the electrostatic repulsive force between them.
Therefore, reducing the repulsion by increasing the ionic strength
improved virus removal. One explanation is that the positive ions
shield the negative charges on the surfaces of the adsorbate and
the adsorbent, decreasing the net electrostatic repulsion between
the particles [16,18,20,23]. Or Ca** may electrically adsorb to a neg-
atively charged moiety of both adsorbate and adsorbent concur-
rently, forming a cation bridge to link the like-charged particles
[18,23,24].

Fig. 5 shows the relationship between the virus removal and the
electrical double layer repulsion energy. Virus removal tended to
increase as the repulsive force decreased, but the removal perfor-
mances were different among s-PACs. Wood-1 S-PAC exhibited
superior virus removal across all repulsion energy range: the virus
removal with wood-1 S-PAC was always greater than those with
other S-PACs tested even in the range in which the repulsive force

(a) Wood-1 (b) Wood-2

energy, 10—20 J

Electrical double layer repulsion

0 200 400 0 200 400

Ca?* concentration,t M

Ca?* concentration,uM

Logarithmic virus removal
w
1]

0 2 4 6 8 10
Electrical double layer repulsion energy, 10-20 J

Fig. 5. Relationship between virus removal (Qp, contact time = 8 h) and repulsion
energy of electrical double layer (0.2 nm distance). Gray diamonds, white squares,
black triangles and gray circles indicate wood-1, 2, 8 and coconut-2, respectively.
Repulsion energy was controlled by Ca?* concentration.

working between the virus and S-PAC particles was the same.
These observations mean that the electrostatic repulsion can ex-
plain the extent of virus removal by each S-PAC under different io-
nic conditions, but not the difference between different types of
PAC. '

The logarithmic virus removals of wood-1 and wood-2 S-PACs
linearly increased with decrease in the electrical double layer
repulsion energy. In contrast, the virus removals of wood-8 and
coconut-2 S-PACs did not change even when the repulsion energy
decreased down from 10 x 1072° to 3 x 1072°], but seem to in-
crease drastically when the repulsion energy was smaller than
3 x 1072°]. Possible reason for this observation is discussed in
the following section.

3.4. Effect of pore size distribution of PACs on virus removal

SEM observations revealed that the wood-1 and wood-2 S-PACs,
which could remove virus effectively, had a rough surface with
many mesopores 20-50 nm in diameter (Photo 1). In contrast,

(c) Wood-8 (d) Coconut-2
12 r WG 12 r 16

Logarithmic virus removal

0 200 400 0 200 400

Ca?* concentration,u M Ca?* concentration, LM

Fig.4. Changes in repulsion energy of electrical double layer between the virus and S-PACs at 0.2 nm distance, and virus removal (QB, contact time = 8 h) with increase in Ca?*
concentration. Gray and white circles indicate the electrical double layer repulsion energy and the logarithmic virus removal, respectively.
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Photo 1. SEM images of 5-PAC surfaces: (a) wood-1; (b) wood-2; (c) wood-8; and (d) coconut-2.

Comparison in pore volume among S-PACs.

Pore diameter (nm) Wood-1 Wood-2 Wood-8 Coconut-2
1-2 0.203 0.123 0.206 0.177
2-3 0.040 0.040 0.056 0.030
3-5 0.071 0.091 0.053 0.044
5-10 0.063 0.088 0.038 0.037
10-20 0.044 0.066 0.025 0.028
20-50 0.035 0.039 0.017 0.022
Table 3

Logarithmic removals of QB and MS2 with S-PACs (contact
time = 8 h, Ca®* = 100 puM).

Wood-1 Wood-2
QB 4.1 3.6
MS2 3.0 2.9

Electropharetic mobility, (um/s)/(cm/V)

(a) Surface charge

15 r
T -
_L il
-1.0 F R
05 |
0.0 1
Surface charge

Fraction remaining in water phase

after solvent/water distribution, %

the wood-8 and coconut-2 S-PACs, whose virus removal was poor,
had a relatively smooth surface with no mesopores. With a diam-
eter of ~23 nm, the virus cannot pass through pores smaller than
this. The nearer the diameter of an adsorbate molecule is to the
pore size of an adsorbent, the greater is the attraction [25]. There-
fore, the wood-1 and wood-2 S-PACs, with pores 20-50 nm wide,
offered good conditions for the virus to settle in, and so removed
it effectively. This most likely contributed to the difference of
behaviors of viruses in the relationship between the logarithmic
virus removal and the electrical double layer repulsion energy indi-
cated in Fig. 5: the wood-1 and wood-2 could easily capture the
virus particles with many suitable pores for the virus particles to
settle in even under the large repulsion energy that prevented
the adsorption of the virus particles to the wood-8 and coconut-
2 S-PACs. At this moment, the reason why the virus removals of
wood-8 and coconut-2 S-PACs increased drastically with the de-
crease in the repulsion energy is not clear.

{b) Hydrophobicity
150

2
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Fig. 6. Comparison of (a) surface charge and (b) hydrophobicity between QB and MS2. White and gray columns represent QB and MS2, respectively. n-HD, n-hexadecane; n-
Oct, n-octanol; p-Xyl, p-xylene. Error bars in (a) and {b) indicate SD of 30 and 5 measurements, respectively.
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Pore size measurements clearly show that the wood-1 and
wood-2 S-PACs had larger pore volume at 20-50 nm than the
wood-8 and coconut-2 S-PACs (Table 2); the pore volumes of the
high-virus-adsorbable S-PACs were 1.8-2.0 times as much as the
averaged pore volume of the low-virus-adsorbable S-PACs. These
results agree well with the SEM observations, supporting the
hypothesis that the pore size distribution of the S-PACs contrib-
uted greatly to virus removal.

3.5. Effect of hydrophobicity of virus on virus removal

The removal of bacteriophage MS2 was ~1 log less than that of
QB by both wood-1 and wood-2 S-PACs (Table 3). Although the
molecular size of an adsorbate controls accessibility to the pores
of the activated carbon [26], the diameters of the QB and MS2
are almost the same (~23 nm), so this does not explain the differ-
ence in removal. Likewise, although the surface charges of viruses
depend on the chemistry of their surface proteins, we found no dif-
ference in the surface charge between the two viruses (Fig. 6a). In-
stead, they differed in hydrophobicity (Fig. 6b): MS2 remained in
the water phase of all solvent combinations tested, indicating that
it has a hydrophilic surface. In contrast, QB largely transferred to
the solvent phase when n-octane and p-xylene were used. This re-
sult indicates that the surface of Qp is more hydrophobic than that
of MS2, in agreement with a previous report [27]. Thus, the more
hydrophobic the surface of the virus particles is, the greater the
virus removal would be expected. As shown in Section 3.3, reduc-
ing the surface charge of the activated carbons improved virus re-
moval. The reduction in the surface charge may provide more
hydrophobic surface on the carbon apparently, because the reduc-
tion allows negatively charged adsorbates to move nearer to the
graphite structure on the carbon. Adding to the reduction in the
electrophoretic repulsive force, the apparent increase in hydropho-
bicity of the carbon surface most likely contributed to the high
virus removal. Likewise, the hydrophobicity of the viruses contrib-
uted to the high removal: the virus having more hydrophobic sur-
face was removed more greatly with the activated carbons.

4. Conclusions

(1) Electrophoretic repulsive force contributed greatly to virus
removal: the smaller the repulsion between virus and PAC
particles, the greater the virus removal.

(2) The pore size distribution of the PAC contributed greatly to
virus removal: PACs with a large volume of pores 20-
50 nm in diameter removed virus effectively.

(3) The hydrophobicity of the virus surface contributed greatly
to virus removal: the more hydrophobic the surface, the
greater the virus removal.

(4) To enhance adsorptive virus removal, activated carbons
must have a less negative surface charge and a large volume
of pores 20-50 nm wide.
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ABSTRACT

The removal of microorganisms by drinking water treatment processes has been widely
investigated in laboratory-scale experiments using artificially propagated microorganisms.
However, this approach cannot be applied to norovirus removal, because this virus does
not grow in cell or organ culture, and this fact has hampered our ability to investigate its
behavior during drinking water treatment. To overcome this difficulty, our research group
previously used recombinant norovirus virus-like particles (fNV-VLPs), which consist of an
artificially expressed norovirus capsid protein, in laboratory-scale drinking water treat-
ment experiments. However, the enzyme-linked immunosorbent assay (ELISA) method
generally used to detect rNV-VLPs is not sensitive enough to evaluate high removal ratios
such as those obtained by ultrafiltration (UF). We therefore developed and applied a real-
time immuno-polymerase chain reaction (iPCR) assay for rNV-VLP quantification to
investigate norovirus removal by microfiltration (MF), UF, and hybrid precoagulation—MF
processes. The rNV-VLP detection limit with the developed iPCR assay was improved at
least 1000-fold compared with ELISA. Whereas MF with a nominal pore size of 0.1 pm could
not eliminate NV-VLPs, a 4-log reduction was achieved by UF with a molecular weight
cutoff of 1 kDa. When MF was combined with precoagulation (>10 pmol-Fe/L for ferric
chloride; >20 pmol-Al/L for polyaluminum chloride; >40 umol-Al/L for alum), the perfor-
mance of the hybrid process in eliminating INV-VLPs was greater than that achieved by the
1 kDa UF. For all processes, the removal ratios of the bacteriophages MS2 and Qf were
greater than the rNV-VLP removal ratios by 1-2 logs, so neither bacteriophage can be
recommended as a possible conservative surrogate for predicting the behavior of native NV
during these processes. .
© 2013 Elsevier Ltd. All rights reserved.

1. Introduction

(Black et al., 2010). Human caliciviruses, including Norovirus
(NV), are recognized as a leading cause of diarrhea among

Diarrhea is one of the greatest threats to human health persons of all ages (Patel et al., 2009). Because NV genome
worldwide, having been estimated to account for 15% of  fragments have been detected in environmental waters
deaths in children younger than 5 years worldwide in 2008 (Westrell et al., 2006; Aw et al, 2009; Miura et al, 2009),

* Corresponding author. Tel./fax: +81 11 706 7279.
E-mail address: taku-m@eng.hokudai.ac.jp (T. Matsushita).
0043-1354/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
http://dx.doi.org/10.1016/j.watres.2013.07.004
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outbreaks of epidemic diarrhea are possible if the raw water to
be used for drinking water is contaminated with NV and the
water is not adequately treated in the water treatment plant.
In fact, Yang et al. (2011) reported that an outbreak of diarrhea
due to norovirus in drinking water was caused by raw water
contaminated with sewage being inadequately treated for
particle removal and virus inactivation in a water treatment
plant. Microorganisms can be removed from water by either
disinfection or physical separation processes. Accordingly, it
is of great importance from the viewpoint of public health to
investigate ways to improve the processes used for the
removal of NV during water treatment.

Virus-spiking experiments conducted in laboratory-scale
treatment plants have been extensively used to investigate
virus removal by drinking water treatment processes (Léneés
et al.,, 2010; Bradley et al., 2011; Shi et al.,, 2012). Before such
experiments can be performed, however, the virus must be
artificially propagated. As NV does not grow in cell or organ
culture and there is no small animal model for NV infection
(Hutson et al.,, 2004), it is impossible to conduct removal ex-
periments by spiking raw water with the artificially propa-
gated wirus for treatment by laboratory-scale plants.
Accordingly, the removal of NV by drinking water treatment
processes has been difficult to evaluate.

To overcome this difficulty, our research group previously
investigated NV removal by using an artificially expressed NV
capsid protein with a conventional drinking water treatment
process consisting of coagulation, sedimentation, and rapid
sand filtration (Shirasaki et al., 2010). The NV capsid protein
spontaneously self-assembles into virus-like particles (VLPs)
when expressed in insect cells infected with a recombinant
baculovirus containing the gene encoding the capsid protein
(Jiang et al, 1992). Because the recombinant NV VLPs (rfNV-
VLPs) are morphologically and antigenically the same as
native N'V particles, INV-VLPs are expected to behave simi-
larly to native NV during treatment processes. In what to our
knowled ge was the first attempt to apply INV-VLPs to evaluate
NV removal by drinking water treatment processes, our
research group successfully used rNV-VLPs to evaluate NV
removal by the conventional drinking water treatment pro-
cess described above (Shirasaki et al., 2010).

Viruses are continuously and globally monitored in envi-
ronmental waters. In most cases, the virus concentration is
determined either by culturing, where it is reported as the
number of plaque-forming units (PFUs), or by polymerase
chain reaction (PCR) analysis. Because no culture method has
been developed for NV, NV concentrations can be determined
only by the latter method. However, rNV-VLPs contain no
genomic rnaterial, precluding quantification by PCR. In addi-
tion to the PCR method, the enzyme-linked immunosorbent
assay (ELISA) method has been used for NV quantification; for
example, this method has been used with stool samples for
the clinical diagnosis of viral infection with good results
(Richards et al.,, 2003). However, ELISA is less sensitive than
real-time PCR (Richards et al., 2003; de Bruin et al., 2006).
Previously, we used a commercially available ELISA kit for NV
to quantify the NV removal performance of the conventional
drinking water treatment process (Shirasaki et al., 2010). The
quantification was successful because the rNV-VLP concen-
trations after treatment were relatively high (i.e., the removal

ratio was relatively low). However, after filtration through
tight membranes with very small pore sizes, smaller INV-VLP
concentrations are expected. The ELISA quantification limit
may thus be too poor for this method to be useful for evalu-
ating rNV-VLP concentrations after membrane filtration pro-
cesses. Thus, this limitation will hamper the use of the ELISA
method for the evaluation of NV removal by such processes.

An immuno-PCR (iPCR) assay (Sano et al., 1992) can be used
to obtain enhanced sensitivity for the detection and quanti-
fication compared with that of the ELISA method. An iPCR
assay is an antibody-based immunoassay that uses nucleic
acid amplification techniques for signal generation instead of
the enzymatic reaction used in the conventional ELISA (Fig. 1).
As a result, the sensitivity of the method is dramatically
enhanced compared to that of ELISA. The iPCR assay has been
applied mainly to the diagnosis of many different kinds of
viruses (Maia et al., 1995; Mweene et al., 1996; Constantine
et al., 2004; Adler et al, 2005). In the present study, we
developed and applied an iPCR assay for the quantification of
NV-VLPs; we then used rNV-VLPs together with the iPCR
method to evaluate NV removal by microfiltration (MF), ul-
trafiltration (UF), and precoagulation—MF processes. This
study represents the first time an iPCR assay has been applied
to the evaluation of microorganism removal by drinking water
treatment processes.

2. Materials and methods
2.1. rNV-VLP and bacteriophages

The rNV-VLPs were prepared by a baculovirus—silkworm
expression-system, as in our previous study (Shirasaki et al.,
2010). Briefly, subgenomic cDNA fragments of the NV
genome (Chiba virus, AB042808, GI/4, Chiba407/1987/JF) were
artificially synthesized. The fragments contained the entire
second and third open reading frames and the 3'-UTR (un-
translated region) of the NV genome. The ¢cDNA was subcl-
oned into a baculovirus transfer vector, and then the vector
was transfected into silkworm cells. The expressed rNV-VLPs
were separated from the cell lysate by centrifugation and
dialysis. The diameter of the rNV-VLPs was 35.7 + 3.2 nm
(Shirasaki et al., 2010), which roughly corresponds to the
particle diameter (approximately 38 nm) previously reported
for native NV (Someya et al, 2000). The rNV-VLPs were
quantified by an iPCR assay as described in Section 2.2.

Two bacteriophages, QB (NBRC 20012) and MS2 (NBRC
102619), were obtained from the National Institute of Tech-
nology and Evaluation (NITE) Biological Resource Center
(NBRC, Chiba, Japan) for use as model viruses. The diameters
of QP and MS2 are 23—24 nm (Shirasaki et al., 2009). Escherichia
coli F" (NBRC 13965) obtained from NBRC was propagated for
3 h at 37 °C according to the supplier’s instructions to prepare
an E. coli F* suspension. The bacteriophages were then prop-
agated for 22—24 h at 37 °C in the E. coli F~ suspension. The
respective bacteriophage cultures were centrifuged (2000 x g,
10 min) and then filtered through a membrane filter with a
pore size of 0.45 pm (cellulose acetate; DISMIC-25cs; Toyo
Roshi Kaisya, Tokyo, Japan). The filtrate was purified by using
a centrifugal filter device (molecular weight cutoff [MWCO],
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Fig. 1 — Schematic comparison of the ELISA and iPCR methods.

100,000; regenerated cellulose, Amicon Ultra-15; Millipore,
Billerica, MA, USA) to prepare the virus stock solution. The
bacteriophages were individually quantified by the real-time
RT-PCR method with a TagMan probe and primers (Shirasaki
et al, 2009) in an Applied Biosystems 7300 Real-Time PCR
System (Applied Biosystems Japan Ltd., Tokyo, Japan).

2.2. iPCR and ELISA for YNV-VLP quantification

AniPCR assay was used to quantify the -NV-VLPs. Ten types of
monoclonal antibodies to rNV-VLPs were obtained by orally
feeding YNV-VLPs to mice (Japan Lamb Ltd., Fukuyama, Japan),
and the two most sensitive antibodies out of the 10 antibodies
obtained were used for the iPCR assay. One antibody (IgM) was
immobilized in the wells of 8-well microplates (TopYield
modules, Nalge Nunc International, Penfield, NY, USA) and
used to capture the rNV-VLPs, and the other (IgG) was bio-
tinylated and then used for detection. An aliquot of 50 uL of
either a sample or a river water (as a negative control) was
placed in each well of the 8-well microplates and left at 37 °C
for 90 min so as to allow the rNV-VLPs to be captured by the
immobilized antibody. The sample solutions were discarded,
and then the wells were washed six times with 150 pL of
phosphate-buffered saline solution with Tween 20 (PBST).
Next, the wells were supplemented with 50 pL of the bio-
tinylated detection antibody (1 png/mL) in a stabilizing reagent
(Immuno Shot Reagent 2, Cosmo Bio Co. Ltd., Tokyo, Japan),
and then kept at 37 °C for 90 min so as to allow the detection
antibodies to adsorb onto the captured rNV-VLPs. The solu-
tions were discarded, and the wells were washed six times
with 150 uL of PBST. The wells were then supplemented with
50 uL of streptavidin (0.1 pg/mlL) in a blocking agent solution
(1%, Block Ace, DS Pharma Biomedical Co., Ltd:, Suita, Japan),
and then kept at 37 °C for 60 min so as to allow the avidin to
adsorb to the biotin. The solutions were discarded, and the
wells were washed six times with 150 uL of PBST. The wells
were supplemented with 50 uL of biotinylated DNA tag (480 bp,
CareTIS, Co., Ltd., Mobara, Japan), and then kept at 37 °C for
60 min so as to allow the DNA tag to adsorb to the immobilized
NV-VLPs via biotin—avidin interactions. The solutions
were discarded, and the wells were washed six times with
150 pL of PBST. The wells were supplemented with 50 pL of
EcoRI {restriction enzyme) (Promega KX, Tokyo, Japan) so as to
allow a portion of the DNA tag to be released from the
immobilized antibody—antigen complex. A portion (4 pL) of
the solution was subjected to RT-PCR to measure the INV-VLP

concentration by the SYBR Green method (forward primer, 5'-
GAAGGAGCGAGTGACTGAG-3'; reverse primer, 5-CGTAAT-
TACTTAGCCGGTTG-3') in a Real-Time PCR System following
the manufacturer’s instructions.

So that we could compare the sensitivity of iPCR for rNV-
VLPs with that of ELISA, ELISA was performed with the same
two antibodies described above. IgM was immobilized on 8-
well microplates to capture the YNV-VLPs, and IgG was con-
jugated with horseradish peroxidase (HRP) and then used for
detection. An aliquot of 50 pL of either a sample or a river
water (as a negative control) was placed into each well of the
8-well microplates and left for 90 min at room temperature so
as to allow the rNV-VLPs to be captured by the immobilized
antibody. The sample solutions were discarded, and the wells
were washed six times with 150 pL of PBST. The wells were
supplemented with 50 pL of the HRP-conjugated detection
antibody (final concentration, 2 pg/mL) in the blocking solu-
tion and then kept for 90 min at room temperature so as to
allow the detection antibodies to adsorb to the captured rNV-
VLPs. The solutions were discarded, and the wells were
washed six times with 150 pL of PBST. The wells were sup-
plemented with 50 pL of 3,3',5,5-tetramethylbenzidine and
kept for 30 min at room temperature to allow the 3,3',5,5'-
tetramethylbenzidine to react with the HRP. After the addition
of 50 uL of diluted sulfuric acid (0.3 mol/L) to the wells to
terminate the reaction, optical densities at wavelengths of
450 nm and 630 nm in the 8-well microplate were measured
with a microplate reader (MTP-300, Corona Electric Co., Ltd,,
Ibaraki, Japan). Both iPCR and ELISA were performed with two
wells for each sample.

2.3. Membranes

For UF membranes, we used 47-mm discs made of regener-
ated cellulose (RC) (Ultracel, Millipore) having different nom-
inal MWCOs of 1, 10, and 100 kDa. Direct fltration
experiments with the UF membranes were conducted in a
stirred ultrafiltration cell (Model 8050, Millipore) under a
constant pressure mode of 500 kPa provided by pressurized
nitrogen gas.

We used three types of organic MF membranes and one
type of inorganic MF membrane. The organic MF membranes
were 45.5-mm discs with a nominal pore size of 0.1 ym
composed of polyvinylidene difluoride (PVDF) (hydrophilic
Durapore, Millipore), polytetrafluoroethylene (PTFE) (Omnip-
ore, Millipore), or a mixture of cellulose acetate and cellulose
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nitrate (MC) (MF-Millipore, Millipore). Direct filtration experi-
ments with an aspirator (EYELA A-1000S, Tokyo Rikakikai Co.,
LTD., Tokyo, Japan) were performed with the organic MF
membranes. The inorganic MF membrane was a monolithic
ceramic membrane (55-channel tubular; nominal pore size,
0.1 um; effective filtration area, 0.043 m* membrane diameter,
0.03 m; membrane length, 0.1 m; NGK Insulators, Ltd., Nagoya,
Japan), and it was mainly used in the hybrid pre-
coagulation—MF process. The ceramic MF membrane was
installed in a stainless steel casing.

2.4. Direct filtration experiments

To prepare raw water for the experiments, river water from
the Toyohira River (Sapporo, Japan; turbidity, 1.3 NTU; dis-
solved organic carbon [DOC], 0.6 mg/L; ODzo, 0.02 cm ') was
concomitantly spiked with rNV-VLPs (10" VLPs/ml), QB
(10® PFU/mL), and MS2 (10® PFU/mL), and the pH of the virus-
spiked river water was adjusted to 6.8 with HCl. Fifty millili-
ters of the raw water was directly filtered using either a stirred
ultrafiltration cell or an aspirator. The first 10 mL of the filtrate
was discarded, and then the rest was stored for quantification
of the rNV-VLPs and the bacteriophages. All direct filtration
experiments were conducted three times.

2.5.  Precoagulation—MF experiments

For the precoagulation—MF experiments, a small inline-
coagulation system was used (Fig. 2). The virus-spiked river
water was fed into the system at a constant flow rate (58 mL/
min) by a peristaltic pump. HCl was added by another peri-
staltic pump (1 mL/min) before the first in-line static mixer
(N40-172, Noritake Co., Ltd., Nagoya, Japan, hydraulic reten-
tion time; 1.8 s), with the dose being regulated so as to
maintain the pH of the MF permeate at 6.8. When ferric
chloride was used as the coagulant, additional experiments
were performed at pH 5.8 and 6.3 because the optimum pH for
ferric chloride is generally lower than that for aluminum co-
agulants (Pontius, 1990). Coagulant (polyaluminum chloride
[PACI], alum, or ferric chloride) was injected by a peristaltic
pump (1 mL/min) after the firstin-line static mixer and before
the second at various dosing rates (0, 10, 20, or 40 umol-Al or
-Fe/L). After mixing in the second static mixer (hydraulic
retention time, 1.8 s), the water was fed into the monolithic
ceramic MF module in dead-end mode. The filtration lasted
for 30 min without any backwash. Virus concentrations in the

Monolithic
ceranic
membrane R

In-line static mixer In-line static mixer

Permeate

Cy
8 o
l i HCl i Cougulant
1 1y (PACI alum
Virus-spiked m U or ferric chloride)
river water

Fig. 2- Experimental setup of the
precoagulation—microfiltration system.

raw water tank and in the MF permeate were measured every
5 min. All precoagulation—MF experiments were conducted
three times.

2.6. Precoated MF experiments

To investigate whether aluminum flocs retained on the
membrane surface affected virus removal, direct filtration
experiments were conducted with the ceramic MF membrane
precoated with aluminum flocs as follows. Aluminum flocs
were accumulated on the membrane surface by continuously
feeding unspiked river water (without any virus) into the
precoagulation—MF system (PACI, 20 umol-Al/L). After a pre-
determined filtration time (30, 60, or 120 min), the raw water
was switched to virus-spiked river water, and then direct
filtration experiments were conducted on the precoated
membranes without any coagulant dosing for the next 30 min.
Virus concentrations in the raw water tank and the MF
permeate were measured every 5 min.

3. Results and discussion
3.1.  Quantification of rNV-VLPs by the iPCR assay

We first examined the rNV-VLP calibration curve obtained
with the ELISA method (Fig. 3a). The yNV-VLP concentration
was linearly correlated with logarithmic absorbance in the
range from 10® to 10*° VLPs/mL, whereas for INV-VLP con-
centrations equal to or smaller than 10® VLPs/ml, the
observed absorbance was constant and almost the same as
that of the negative control (Fig. 3a). This results indicates that
with the ELISA kit it is possible to quantify rNV-VLP concen-
trations of >10% VLPs/mL. This result roughly corresponds to
that obtained by using a commercially available ELISA kit for
NV (Shirasaki et al., 2010).

The RT-PCR standard curve for the DNA tag used in the
iPCR protocol showed a correlation of 1.00 in the range of 10°
and 10° copies/mL (data not shown), indicating that the SYBR
Green RT-PCR of the DNA tag was properly conducted. In the
iPCR assay developed in the present study, the DNA tag of
even the negative control, which contained no rNV-VLPs, was
amplified; and a positive threshold cycle (Ct) value was
observed (dashed line in Fig. 3b), as has been generally re-
ported by previous studies, probably because of non-specific
adsorption of the biotinylated DNA tag (McKie et al., 2002;
Adler et al., 2008) or contamination of the reagents or equip-
ment with the DNA tag (McKie et al., 2002). The elevated
fluorescence exhibited by the negative control limited the
sensitivity of the iPCR assay; but in the range from 10° to
10° VLPs/mL, the Ct values observed were smaller than that
obtained for the negative control. This result means that the
iPCR assay could detect INV-VLPs in that concentration range.
In that range, the NV-VLP concentration was linearly corre-
lated with the Ct value (r? = 0.99). These results showed that
the iPCR method can quantify rNV-VLP concentrations of
>10° VLPs/mL. Thus, the detection limit of the iPCR assay for
TNV-VLPs was improved at least 1000-fold compared with that
of the ELISA method. Most studies using an iPCR assay have
reported a 100- to 1000-fold improvement in the detection
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Fig. 3 — t1NV-VLP calibration curves obtained with (a) ELISA and (b) iPCR. The dashed lines represent the results obtained

with the negative control. Ct value = threshold cycle value.

limit (Adler et al., 2008), in agreement with the result obtained
in this study. In our iPCR assay, an aliquot of 50 pL of test
sample was added to each well for measurement. Accord-
ingly, the detection limit for rNV-VLPs (10° VLPs/ml) is
equivalent to 5 x 10° VLPs/well. Tian and Mandrell (2006)
developed an iPCR assay for rNV-VLPs and reported a detec-
tion limit of 10 VLPs/well, which is smaller than our limit, but
Adler et al. (2008), who reviewed many iPCR reports, found
that the typical detection limit for proteins was approximately
10°® molecules/well, which is of the same order of magnitude
as the detection limit obtained by the present study.

Because the bacteriophages QB and MS2 were added to the
raw water along with the rNV-VLPs in the membrane filtration
experiments conducted in the present study, so that their
removal rates could be compared with the rNV-VLP removal
rate, the water samples contained not only rNV-VLPs but also
the bacteriophages. Accordingly, before performing the

membrane fltration experiments, we investigated cross-

reactions between the antibodies and the bacteriophages.
The river water used in the membrane filtration experiments
was first supplemented with both QB and MS2 at 108 PFU/mL,
and then the rNV-VLPs were serially diluted with the
bacteriophage-spiked river water to make 10°—10° VLPs/mL of
YNV-VLP solution (i.e., the concentrations of the bacterio-
phages were the same in all diluted rNV-VLP solutions). The
iPCR assays performed on the bacteriophage-containing rNV-
VLP solutions and on rNV-VLP solutions diluted with river
water without bacteriophages revealed no differences be-
tween the solutions (data not shown), the indication being
that iPCR as employed could quantify rNV-VLPs without
cross-reactions occurring, even when the concentration of
bacteriophages was high.

3.2. Removal of rNV-VLPs by the direct MF or UF
processes

We compared virus removal by direct UF or MF (Fig. 4). Irte-
spective of the composition of the MF membrane, the removal
ratios of INV-VLPs and bacteriophages by the MF membranes

were smaller than 0.6 log. Therefore, the MF membranes could
not effectively remove viruses from the raw water, because
the diameters of the *NV-VLPs and the two bacteriophages (36
and 23-24 nm, respectively) were smaller than the MF
membrane pore size (nominally 100 nm). Our results agree
with those of a previous study in which the retention of
bacteriophage QB by MF membranes with a nominal pore size
larger than 20 nm was very low (Urase et al., 1996). Herath
et al. (1999) also reported that removal ratios of QB and MS2
by a MF membrane having a nominal pore size of 50 nm at
around pH 7 were 20-30% (i.e., 0.1-0.2 log), values that
roughly agree with ours.

The removal ratios of tTNV-VLPs were slightly improved
with UF membranes having MWCOs of 10 and 100 kDa
compared with the MF membranes, but they were still small
(approximately 1.5 log). Because an INV-VLP is composed of 90
capsid protein dimers (Prasad et al,, 1994) and each capsid
protein has a molecular weight of 58 kDa (Jiang et al., 1992;
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Fig. 4 — Virus removal by different ultrafiltration (UF) or
microfiltration (MF) membranes: RC, regenerated cellulose;
PVDF, polyvinylidene difluoride; PTFE,
polytetrafluoroethylene; MC, mixture of cellulose acetate
and cellulose nitrate. The columns and error bars represent
the averages and standard deviations, respectively, of
three runs.



