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Escherichia coli in phosphate-buffered saline irradiated with far-infrared (FIR) energy was injured and killed even

under the condition where the bulk temperature of the suspension was maintained below the lethal temperature.

Using four kinds of antibiotics (penicillin G, chloramphenicol, nalidixic acid and rifampicin), we investigated the FIR
irradiation-induced damage to  E. coli on the basis of the sensitivity changes to the antibiotics. FIR irradiation
increased the organism’s sensitivity to rifampicin both below and above the lethal temperature. The increase in
sensitivity to chloramphenicol was observed only when FIR irradiation occurred above the lethal temperature. These

results suggest that the mechanism of FIR irradiation-induced death in E. coli differs according to whether the
radiation exposure occurs above or below the lethal temperature. Journal of Industrial Microbiology & Biotechnology
(2000) 24, 19-24.
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Introduction vious work [13-15], FIR irradiation-induced bacterial dam-

The importance of preventing microbial contamination of 29€ Was evaluated by assessing changes in the susceptibility

. : L . antibiotics. In this work, damage tBscherichia coli
foods and food preparation areas is becoming increasingly " '
clear. The use of infrared (IR) heating for thermal decon- radiated by FIR below and above the lethal temperatures

tamination of working environments offers the advantagewas compared using antibiotic sensitivity. In addition, esti-

that no heat-transfer medium is needed. Far infrared (FIRmations of the temperature distribution within bacterial

L . ¢ells in relation to the changes in extracellular temperature
gbout 3-100Qum wavelength) rad|§t|on is easily qbsorbed were used to analyze the mechanism of FIR pasteurization.
y water and organic materials, which are the main compo-
nents of food, and thus offers considerable potential for
efficient pasteurization. Materials and methods

We have studied the use of FIR for pasteurization
[4-7,15-17]. Compared with thermal conductive heating,
FIR irradiation was more effective in pasteurizing vegetat-
ive bacterial cells [4,17]. Furthermore, FIR irradiation . . -
caused heat activation and deathBafcillus subtilisspores \|I-|V2$t5|tr?frue§ 0?1%?)?;% t(g?fr::éhme%gr;g gf%%jr |2n4Bhra|n
over a temperature range in.wh_i.ch thermal conducti\_/e h.eati'he cells were washed onée in’ 0.05M phosphate—buf%ered
ing had no effect on spore viability [16]. The pasteurlzatlonSaline (PBS, pH 7.0) and resuspe'nded in the PBS at a final
effects of FIR reportedly were due both to the absorption ' .

of radiative energy by the bacterial suspension in a Ver};:oncentranon of approximately 1@olony forming units

. . . CFU) mf1. The bacterial suspension was kept in iced
thin volume near the surface and to an increase in the bu'\‘/(vater before it was used in experiments. The number of

temperature of the suspension [4,6]. Furthermore, esti-. - - g
mati%ns of the tempera!c:)ure distrEbut;on within the FIR- viable CFU was_detgrml_ned by pour-plating on _Sensmwty
irradiated microbial suspension suggest that the temperatuJa?eegsts?ﬁé;]'\_ls(ewle'ifi%Srﬁg;ﬁlrjﬁ)mkyo’ Japan) without any
of the surface region is significantly higher than the bulk 9 :
temperature [5,7]. . _
e . . . FIR irradiation

How bacteria in suspensions irradiated by FIR at sub- : I o

lethal temperatures arep damaged remains lilnclear In pr(-ar-he FIR iradiation apparatus and the pasteurization sample
' Were as described previously [5]. In essence, the irradiation

chamber is made of aluminum plates, and a mullite cylinder
Correspondence: Dr J Sawai, Department of Applied Chemistry, KanaFIR heater (30& 15 mm) with a reflector was placed at

gawa Institute of Technology, 1030 Shimo-Ogino, Atsugi, Kanagawa 243-the top. Bacterial suspension (7.5 ml) in a stainless steel

Cell culture
Escherichia coli745 was obtained from the Tokyo Metro-
politan Research Laboratory of Public Health. The bacteria

SPresont adiress. Idemiss Patocnamcal Co Lid, Yamaguchi 745-opafCt dish (14.588.5 mm) was irradiated at  powdy,)
: , — > o s P
Japan f 7.57 kW nm12. Figure 1 shows the spectral distribution of

“Present address: Fuji Baking Co Ltd, Nagoya 467 0065, Japan irradiated power to the bacterial suspension at 7.57 KW m
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2000 — I I , 1 T The irradiation powerd) that the bacterial suspension

I I I | | is exposed to was measured using previously described
methods [8],q, was estimated by determining the evapor-
ation rate of the water layer irradiated by the FIR heater.

Conductive heating

The same conductive heating apparatus was used as pre-
viously reported [4]. The bacterial suspension (1.5 ml) was
heated in a test tube (10 mwilO0 mm) in a water bath.
1000 f= - The tube was removed after 5 min and cooled in iced water.
Examination of changes in antibiotic sensitivities

After irradiation or conductive heating, the cooled suspen-
sion was diluted with 0.85% (w/v) saline solution. The
diluted suspension was pour-plated with agar medium.
Duplicate plates were prepared for each dilution. Sensitivity
Disk Agar-N was used as a non-selective medium. Agar
media containing the antibiotics shown in Table 1 was used

4i. ; [Wm” pm*]

0 to analyze FIR-induced microbial damage. The required

1 3 5 7 9 1113 15 concentration of each antibiotic in the agar medium had
wavelength [pim] already been determined previously [15]. After 48 h incu-

Figure 1 Spectral distribution of radiative power delivered to the bac- bation at 37C, colonies were counted using an automated
terial suspension (7.57 kWT). colony-counter (Toyo CA-9, Yokohama, Japan). The dam-

age to the bacteria was assessed on the basis of changes in
bacterial antibiotic sensitivity using procedures described
shaker at 180 rpm and cooled from the bottom of the petrpreviously [15].
dish to keep the bulk temperature of the suspension below
the lethal temperature. After irradiation, the dish was ) )
cooled rapidly by placing it in iced water. Results and discussion
For measurement of the suspension temperature, CASensitivity change of E. coli irradiated by FIR below
thermocouples sheathed by a stainless steel tube (0.25 MiRe Jethal temperature
&) were placed horizontally at positions close to the surf|R jrradiation increased the temperature of the bacterial
face, the center and the bottom of the suspension. The temduspension so it was cooled to maintain the bulk tempera-
peratures at these three points were recorded duringire at 40C, considerably below the lethal temperature for
irradiation. The difference in temperature measured wag. coli (Figure 2). The pasteurization effect achieved by
within 0.2°C, the average values are presented in Figure 2Z7|R irradiation is shown in Figure 3. The ordinate is the
showing that the bulk temperature did not rise higher thanatio of the number of. coli CFU post-irradiation ) to
40°C. The lethal temperature &. coli used here is about the number of non-irradiated CF[N{O) and represents the
55°C. Therefore, the bulk temperature of the suspensioRurvival ratio. The value dfi/N,,in Figure 3 is the survival

was kept below the lethal temperature of tecoli. ratio of E. coli on the non-selective mediunvy/S, is the
ratio of the volume of the suspension to the area irradiated
60 : . : : : : . by FIR and is equivalent to the depth of the suspension.

The survival ratio ofE. coli decreased with an increase in
irradiation. As most of the suspension was maintained at
40°C, the pasteurization effect by FIR irradiation can not
be attributed to an elevation in the bulk temperature.

40 I . The damage induced i8. coli by FIR irradiation below

the lethal temperature was assessed by measuring bacterial
antibiotic sensitivity (Figure 4). The abscis€Cyax, rep-

50 h

Bulk temerature of suspension [ C ]

30 1
20 ] Table 1 Primary inhibitory action of selective antibiotics
10 ¢ | Reagent Primary inhibitory action
Penicillin G (PCG} synthesis of cell wall
0 . : . : - . - Chloramphenicol (CP) synthesis of protein (ribosome)
0 10 20 30 40 Nalidixic acid (NAP synthesis of DNA
Rifampicin (RFPY synthesis of RNA (RNA polymerase)

time [min]

Figure 2 Transient behavior of bulk temperature of a bacterial suspen-Sigma Chemical Company (St Louis, MO, USA).
sion irradiated by FIRq, =7.57 kW n7%; V//S,=0.91 mm. bDaiichi Pharmaceutical Co Ltd (Tokyo, Japan).
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resulted in increased sensitivity to RFP (Figure 4b and c).
On the other hand, conductive heating at’@Oneither
reduced the survival ratio nor changed the antibiotic sensi-
tivities of E. coli (data not shown). We therefore concluded
that E. coliwas not adversely affected by conductive heat-
ing at 40C.

Undamaged bacteria are able to grow on both the non-
selective medium and the antibiotic-containing media.
0.6 7 However, a proportion of damaged microbial cells can form
colonies on non-selective medium, but not on the medium
containing antibiotics [9]. The difference in colony forma-
tion in the presence and absence of antibiotic can thus be
0.4 ] used as a measure of injury. Table 1 shows the primary
actions of the antibiotics used in these experiments. As they
each target specific aspects of cellular mechanism, anti-
biotic sensitivity is a simple means of detecting and classi-
0.2 1 fying the damage induced by physical and chemical
stresses, as a given stress induces different changes in
microbial antibiotic sensitivity [13—-15]. RFP acts on RNA
polymerase to inhibit initiation of DNA-dependent RNA

0.0 — — EE— synthesis [3,19,21]. The data presented here suggest that
0 10 20 30 40 FIR irradiation below the lethal temperature caused damage
. |, in E. coli, that is reflected in the change in sensitivity to
time [min] REP.
Figure 3 Pasteurization of. coli by FIR irradiation below the lethal In previous work [15], the bacterial sensitivity change
temperature (4C). g = 7.57 kKW n1% V//S,=0.91 mm. caused by FIR irradiation above the lethal temperature was
investigated. Figure 5 shows the transient behavior of the
bacterial suspension irradiated by FIR without cooling. The
irradiated power was 3.2 kWTh For a comparison with
FIR irradiation above the lethal temperature, the following
equation is defined:

Ni/Np [-]

resents the ratio of a specified concentrati@) {o the
maximum concentration of the antibiotic in the agar
medium Cyax).- The upper limit of the concentration of
antibiotic in the medium Quax) was defined as the
maximum concentration at which the antibiotic exhibited
no effect on colony formation by non-irradiatdgl coli. Ry = Ni(C/Cyax =0) = N/(C/Cyiax)
The Cyax Of each of the four antibiotics employed was N Ni(CICuax =0)
determined previously [15]. The incubation on agar media N(C/C

containing antibiotics aCy.x allowed detection of any =1 __ N(CICuax)
slight damage to the bacterial cells. After 10 min of N(C/Cuax = 0)
irradiation, the value of the survival ratio on the non-selec-

tive medium decreased to approximately 0.9. In additionR is the ratio of the damage cells to that of viable cells.
the survival ratio on rifampicin (RFP) medium declined As the value ofRy for an antibiotic approaches unity, the
with C/Cyax (Figure 4a), demonstrating th&t. coli had  injury becomes more serious.

enhanced sensitivity to RFP. Increased irradiation time Figure 6 illustrates the differences in antibiotic sensi-
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Figure 4 Changes in antibiotic sensitivities dE. coli by FIR irradiation below the lethal temperature: (a) 10 min, (b) 20 min, (c) 40 min:
g = 7.57 kW n7%; /S, =0.91 mm.O, Penicillin G; A, chloramphenicol®, nalidixic acid; ], rifampicin.
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Figure 5 Transient behavior of the bulk temperature of a bacterial sus-
pension irradiated by FIR at supralethal temperatgyes 3.22 kW n1?;
/S, =3.3mm. 06 | i

—
J

Bulk temperature of suspension [C]

z
tivities between bacteria irradiated with FIR above andes
below the lethal temperature. Tl values in the case of T
FIR irradiation above the lethal temperature for 7 min were U
calculated from results obtained previously [15]. After o2 b /
irradiation for 7 min, the bulk temperature of the suspen- ) O
sion was 61C, and the survival ratio on the non-selective I u A
medium C/Cuax =0) was approximately 0.3. As shown 0.0LF A — Q__.————-T'/l
in Figure 6a, FIR irradiation above the lethal temperature 0.0 0.4 0.8 1.2
increased the sensitivity &. coli to both chloramphenicol cic ]

(CP) and RFP. CP acts on ribosomes and inhibits protein MAX

synthesis [2,10-12]E. coli irradiated by FIR above the Figure 6 Changes in antibiotic sensitivities & coli by FIR irradiation

lethal temperature will receive more serious injuries. Belowat Sutb-r ami zugéalls\tlh%' ;g:n;)?;arfur(et;)(i)lgl!?rgga;i_iiogeﬁé Sthrlegt\ﬁ;ltem-

H HA H I . n; I 1atl W

the 'eth"’." temperatqr_e! viability was reduced with no?eem%lejrgtlie at 7.57 kwth for 46 min. O, Penicillin G; A, chloram-

change in CP sensitivity, only RFP-treated cells beingynenicol; m, nalidixic acid; 0, rifampicin.

affected (Figure 6b). Thus, the mechanism of pasteurization

by FIR irradiation below the lethal temperature appears to

differ from that above the lethal temperature. even during FIR irradiation, so we analyzed the temperature
We were particularly interested in the relationship fluctuations in more detalil.

between the increase in sensitivity to CP and the rise in the

temperature of the suspension above the lethal temperaturéemperature change in a bacterial cell in a

WhenE. coli cells were heated for 5 min by thermal con- suspension irradiated by FIR

duction at different temperatures and subsequently incuAfter previous study [5], in which the temperature distri-

bated with the non-selective medium, the viability declinedbution of the suspension irradiated by FIR was determined,

sharply at approximately 8& (Table 2). The variation of it was suggested that the temperature in a thin surface

the colony counts on the medium containing CP at theregion was higher than the temperature of the bulk suspen-

Cuax Of 2.0ug mi™t was very similar to that on the non- sion. The temperature in the surface region cannot be meas-

selective medium until supralethal temperatures weraired experimentally because the thickness of the affected

reached. The change in the sensitivity to CP might providegortion is calculated to be some ®n. When the irradiated

an indication of whether or not the internal temperature ofpower was 7.57 kW %, the estimated surface tempera-

a bacterial cell reaches the ‘lethal’ temperature during heatures of the suspension rose to 5&for 0.1 s, 80.3C for

treatment. However, as the bulk temperature of the suspef®-.3 s and over 10@ for 0.5 s, even when the bulk tempera-

sion was maintained below the lethal temperature, it seemire of the suspension was maintained atCi(5].

unlikely that the internal temperature of circulating bacteria Agitation of the bacterial suspension should give a uni-
would gradually increase above the lethal temperature. form temperature distribution. Despite this, as the surface
is probable that the internal temperature of a given bacterialegion will have a higher temperature due to FIR irradiation
cell would remain marginally below the lethal temperature(Figure 7), the internal temperature of bacterial cells will

Journal of Industrial Microbiology & Biotechnology
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Table 2 Changes in viable counts d&. coli heated by thermal conduction for 5 min at different temperatures and their sensitivity to chloram- 23

phenicol (CP)

Concentration of CP Viable cells (CFU m)

Initial 0°C 40C 50°C 55°C 60°C
0 g ml™* (non-selective medium) 5.221C° 5.04x 10° 5.15x 1(° 5.02x 10° 4.63x 10° 4.46x 10
2.0ug M (Cuax) 5.12x 10° 5.06% 10° 5.18x 10° 4.94x 10° 4.18x 10° 2.21x 10°

Region with higher
temperature

Far-Infrared RadiaV

 —]

k—Temperature
distribution
Pl Bulk region \
Bacierial suspension v (less than lethal temperature) .
Cooling Bacterial cell

Figure 7 Model of bacterial suspension irradiated by FIR below its lethal temperature.

vary with the extracellular temperature. For this study, we 1.0
modeled the process by considering unsteady-state heat
conduction in a spherical solid. We assume a bacterial cell
to be equivalent to a homogeneous spherical solid of radius 0.8
R with thermal properties equivalent to water, the main—+
component of the cell. Radiation energy absorbed by bac—
teria in suspension is not discussed. Consider that a bag® 0.6
terial cell, initially at a uniform temperaturé-o, suddenly . ’
enters a region of higher or lower temperatiireat t > 0. §
Using the following dimensionless variables: e 04
&~ .
Or=1'"C @ €
| co 02
E=r/R 3
7= at/R? 4)
0.0 —t
in which T¢ and « are the temperature of a bacterial cell 0.0 0.2 0.4 0.6 0.8 1.0

and the thermal diffusivity of water, respectively, the differ- R [um]
ential equation describing the boundary conditions is: wm

Figure 8 Changes in internal temperaturE;) of a bacterial cell for the
00 1 9 90+ case in which the cell with radiuR, initially at a uniform temperature
- = fz — (5) Teo suddenly enters a region with higher temperaffire

ar ~ £29¢\° 0
.C.7=0,0=¢=1;0:=0 6 P
T £ T (6) Te— Teo 14+ 27R 2 (=1 sin nmr . (nm)%ey )
BCl:7>0,6=1,06;=1 @) T - Teo m< o R R2
B.C.2: &=0; O =finite (8)

Here, assuming that the radiuB)(of a bacterial cell is
Finally, the temperature distribution in the spherical solid1 um, the predicted transient behavior of the temperature
as a bacterial cell is given by the following equation [18]: distribution inside a cell is shown in Figure 8.

Journal of Industrial Microbiology & Biotechnology
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24 Bacterial cells readily respond to changes in the external siaesuspensions: effect of temperature and of ultrasonic power. Chem

temperature. When a bacterial cell enters the surface region E”g J 65: 145-149. .

A . . ernandez-Muoz R, RE Monro, R Torres-Pinedo and D Vazquez.
with its higher temperature, the internal temperature of the 1971. Substrate- and antibiotic-binding sites at the peptidyl-transferase
cell becomes equal to the external temperature for a period centre ofEscherichia coliribosomes. Eur J Biochem 23: 185-193.
for 5x 10°®s. In the present experiments, it is very difficult 3 Hartmann G, KO Honikel, F Kisel and J Nasch. 1967. The specific
to establish how long the bacteria stay in the region of inhibition of the DNA-directed RNA synthesis by rifamycin. Biochem
higher temperature due to agitation of the rotary shaker. Biophys Acta 145: 843-844. _ , ,
However, we may approximate the time by Considering that4 Hgshlmoto A M .Shl_mlzu and H Igarashl. Effect'of far infrared radi-

. . . . ation on pasteurization of bacteria suspended in phosphate-buffered
the bacterial suspension is agitated at 180 rpm, and there- g,ine 1991, Kagaku Kogaku Ronbunshu (in Japanese) 17: 627-633.
fore the time of one agitation cycle is about 0.33 s. In this 5 Hashimoto A, J Sawai, H Igarashi and M Shimizu. 1992. Effect of
study, the depth of the bacterial suspension was approxi- far-infrared irradiation of pasteurization of bacteria suspended in liquid

mately 1 mm. If a bacterial cell moves back and forth

between the surface and the bottom of the suspension ir?

0.33 s, it will take about 1.¥ 10*s for the cell to move
a distance of um. This period is very short, but is suf-
ficient for the internal temperature of the cell to rise to the

medium below lethal temperature. J Chem Eng Japan 25: 275-281.

Hashimoto A, H lIgarashi and M Shimizu. 1992. Far-infrared

irradiation on pasteurization of bacteria on or within wet-solid

medium. J Chem Eng Japan 25: 666-671.

7 Hashimoto A, J Sawai, H Igarashi and M Shimizu. 1993. Irradiation
power effect of IR pasteurization below lethal temperature of bacteria.

external temperature, especially when we consider the J Chem Eng Japan 26: 331-333.

depth of the surface region to be about/ifd. When the
cell leaves the region of higher temperature, the intercellu

lar temperature rapidly falls to that of the bulk temperature. g

8 Hirota K, A Hashimoto, T Honda, M Shimizu and A Watanabe. 1991.
Constant drying rate of wet granular bed by far infrared radiation.
Nippon Shokuhin Kogyo Gakkaishi (In Japanese) 38: 136-143.

Mackey BM. 1983. Changes in antibiotic sensitivity and cell surface

The results shown in Figure 4 demonstrate that there was hydrophobicity inEscherichia colinjured by heating, freezing, drying

no increase in the sensitivity to CP following FIR

or gamma radiation. FEMS Microbiol Lett 20: 395-399.

irradiation below the lethal temperature, suggesting that thé0 Nierhaus D and KH Nierhaus. 1973. Identification of the chloram-
residence time in the high temperature surface region was phenicol-binding protein inEscherichia coliribosomes by partial

too short to induce increased bacterial sensitivity to CP

reconstitution. Proc Natl Acad Sci USA 70: 2224-2228.
11 Pestka S. 1969. Aminoacyl-oligonucleotides, and antibiotic action.

although long enough for damage that affects the sensitivity cold Spring Harbor Symp Quant Biol 34: 395-410.

to RFP.

12 Pongs O, R Bald and VA Erdmann. 1976. Identification of chloram-

We have previously measured bacterial monochromatic phenicol-binding protein inEscherichia coliribosomes by affinity

absorption coefficients in the infrared range [6]. The values

of coefficients ofE. coliused in this work are almost ident-

labeling. Proc Natl Acad Sci USA 70: 2229-2233.
13 Sawai J, H lgarashi and M Shimizu. 1995. Heat-induced injury in
bacteria. Japanese J Food Microbiol (in Japanese) 12: 79-85.

ical to those of water, indicating that the bacteria are14 sawai J, K Sagara, A Hashimoto, H Igarashi and M Shimizu. 1996.

optically equivalent to water in the far-infrared range.
Therefore, unlike ultrasonic sterilization [1,20], it is diffi-
cult to think that the local intracellular temperatures

become extremely higher than extracellular temperature.

Bacteria circulating in the suspension will, however, be

Novel utilization of antibiotics—a finding method of damaged parts
in bacteria. Japanese J Bacteriol (in Japanese) 51: 589-599.
15 Sawai J, K Sagara, H Igarashi, A Hashimoto, T Kokugan and M Shim-
izu. 1995. Injury ofEscherichia coliin physiological phosphate-buff-
ered saline induced by far-infrared irradiation. J Chem Eng Japan 28:
294-299.

subjected to repeated episodes of rapid temperature fluctds sawai J, M Fujisawa, H Igarashi, A Hashimoto, T Kokugan, M Shim-
ation as they pass to and from the surface region. The izu and H Kojima. 1997. Pasteurization of bacterial spores in liquid
accumulated effect of this repeated stress might cause dam- medium by far-infrared irradiation. J Chem Eng Japan 30: 170-172.
age and death even when the bulk temperature of th&? Sawai J, K Sagara, M Miyagawa, H Igarashi, A Hashimoto, T Koku-

suspension irradiated by FIR is kept below the lethal
temperature.
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