
Enhanced Inactivation of Food-Borne Pathogens in Ready-To-Eat
Sliced Ham by Near-Infrared Heating Combined with UV-C
Irradiation and Mechanism of the Synergistic Bactericidal Action

Jae-Won Ha, Dong-Hyun Kang

Department of Food and Animal Biotechnology, Department of Agricultural Biotechnology, Center for Food and Bioconvergence, and Institute of GreenBio Science and
Technology, Seoul National University, Seoul, South Korea

The objective of the study described in this article was, first, to investigate the effect of the simultaneous application of near-in-
frared (NIR) heating and UV irradiation on inactivation of Escherichia coli O157:H7, Salmonella enterica serovar Typhimu-
rium, and Listeria monocytogenes in ready-to-eat (RTE) sliced ham and as well as its effect on product quality and, second, to
elucidate the underlying mechanisms of the synergistic bactericidal action of NIR heating and UV irradiation. With the inocula-
tion amounts used, simultaneous NIR-UV combined treatment for 70 s achieved 3.62, 4.17, and 3.43 log CFU reductions of E.
coli O157:H7, S. Typhimurium, and L. monocytogenes, respectively. For all three pathogens, the simultaneous application of
both technologies resulted in an additional log unit reduction as a result of their synergism compared to the sum of the reduc-
tions obtained after the individual treatments. To investigate the mechanisms of NIR-UV synergistic injury for a particular mi-
croorganism in a food base, we evaluated the effect of four types of metabolic inhibitors using the overlay method and confirmed
that damage to cellular membranes and the inability of cells to repair these structures due to ribosomal damage were the primary
factors related to the synergistic lethal effect. Additionally, NIR-UV combined treatment for a maximum of 70 s did not alter the
color values or texture parameters of ham slices significantly (P > 0.05). These results suggest that a NIR-UV combined process
could be an innovative antimicrobial intervention for RTE meat products.

Ready-to-eat (RTE) meat products, especially precooked sliced
ham, are widely sold in delicatessens and consumed in homes

due to their convenience. However, deli meats have been identi-
fied to be high-risk products, as they are highly perishable and
easily contaminated (1). Escherichia coli O157:H7, Salmonella en-
terica serovar Typhimurium, and Listeria monocytogenes are the
major causes of outbreaks and product recalls associated with
contaminated delicatessen meats (2–5). Recent outbreaks of E. coli
O157:H7 and S. Typhimurium infections in the United States re-
sulted in a total of 311 cases, which were traced to precooked
salami (3). L. monocytogenes is the most relevant pathogen in RTE
meat products (6). A significant trend toward an increase in the
incidence of listeriosis has been observed in many European coun-
tries, with deli meat products having the highest frequency of pos-
itive samples (7). L. monocytogenes has been listed in the top 5
highest-ranking pathogens regarding the total cost of foodborne
illness in the United States (8), and deli meats have been reported
to be the leading vehicle of foodborne listeriosis (6).

In many recent studies, cross contamination during slicing has
been suspected to be the mode of transmission of these three
pathogens (3, 9–11). In other words, the most important route of
sliced deli meat contamination is probably via contact with sur-
faces. Therefore, an additional superficial decontamination step
may become necessary to control pathogenic bacteria on sliced
ham products immediately before final packaging or after the
products are unwrapped at the delicatessen or other retail outlet.

Infrared (IR) radiation transfers thermal energy in the form of
an electromagnetic wave and can be classified into 3 regions, near
IR (NIR; 0.76 to 2 �m), medium IR (MIR; 2 to 4 �m), and far IR
(FIR; 4 to 1,000 �m). IR radiant heating provides significant ad-
vantages over convection and conduction heating, including a
higher heat transfer capacity and high energy efficiency, as it heats

the product directly without being influenced by the air surround-
ing the food (12). Several studies have employed infrared heating
for surface pasteurization of precooked deli meats (13–15). In our
previous study, NIR radiation was investigated as a heat source
and showed improved heating and pasteurization efficacy on RTE
sliced ham compared to the heating and pasteurization efficacy of
conventional convective heating (15).

UV radiation covers part of the electromagnetic spectrum
from 100 to 400 nm and is distinguished as UV-A (320 to 400 nm),
UV-B (280 to 320 nm), and UV-C (200 to 280 nm) (16). Among
them, surface disinfection by 253.7-nm UV irradiation (UV-C)
has been widely utilized as an antimicrobial treatment of food
surfaces. However, industrial application is still limited because of
the low penetration capacity of UV photons into foods. For this
reason, UV-C radiation has been used in combination with other
antimicrobial processing techniques to produce a hurdle effect on
pathogen contaminants (17–19). In our previous studies, the si-
multaneous use of a combination of NIR radiant heating with
UV-C irradiation was found to be markedly effective for reducing
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E. coli O157:H7, S. Typhimurium, and Cronobacter sakazakii in
powdered food systems due to their synergistic effects (20, 21).
Thus, the combination of NIR heating with UV-C irradiation
could be especially efficient in decontaminating the surfaces of
sliced deli meats. In addition, despite being a topic of great interest
and importance, the mechanism of bactericidal improvement by
simultaneous NIR-UV treatment is not well-known.

The aims of the present study were, first, to investigate the
efficacy of the simultaneous use of the combination of NIR heat-
ing and UV-C irradiation for inactivating foodborne pathogens,
including E. coli O157:H7, S. Typhimurium, and L. monocyto-
genes, on RTE sliced ham and to determine the effect of the com-
bination treatment on factors related to the quality of the sliced
ham product. Second, we tried to elucidate the mechanism of
synergistic bacterial inactivation by the simultaneous application
of NIR and UV-C radiation.

MATERIALS AND METHODS
Bacterial strains. Three strains each of E. coli O157:H7 (ATCC 35150,
ATCC 43889, and ATCC 43890), S. Typhimurium (ATCC 19585, ATCC
43971, and DT 104), and L. monocytogenes (ATCC 15313, ATCC 19111,
and ATCC 19115), obtained from the bacterial culture collection of Seoul
National University (Seoul, South Korea), were used in this experiment.
Stock cultures were kept frozen at �80°C in 0.7 ml of tryptic soy broth
(TSB; Difco, Becton, Dickinson, Sparks, MD, USA) and 0.3 ml of 50%
glycerol. Working cultures were streaked onto tryptic soy agar (TSA;
Difco), incubated at 37°C for 24 h, and stored at 4°C.

Preparation of pathogen inocula. All strains of E. coli O157:H7, S.
Typhimurium, and L. monocytogenes were cultured individually in 5 ml of
TSB at 37°C for 24 h, followed by centrifugation (4,000 � g for 20 min at
4°C) and washing three times with buffered peptone water (BPW; Difco).
The final pellets were resuspended in BPW, corresponding to ca. 107 to
108 CFU/ml. Subsequently, suspended pellets of each strain of the three
pathogenic species (nine strains total) were combined to construct mixed
culture cocktails. These cocktails were used in this inactivation study at a
final concentration of approximately 108 CFU/ml. To analyze the mech-
anism of inactivation, S. Typhimurium strain DT 104 was selected as a
model microorganism, and the cell suspension was grown and prepared in
the same way.

Sample preparation and inoculation. Precooked, vacuum-packaged
sliced ham (approximately 90 by 90 by 2 mm) was purchased from a local
grocery store (Seoul, South Korea), maintained in a refrigerator (4°C),
and used within 2 days. For surface inoculation, 8 ml of the prepared
mixed culture cocktail was diluted in 0.8 liter of sterile 0.2% peptone
water. Each ham slice was immersed in the mixed pathogen suspension

for 3 min at room temperature (22 � 2°C), drained on a sterilized rack,
and dried for 20 min inside a biosafety hood with the fan running. Two
ham slices (ca. 25 g; inoculum level, 105 to 106 CFU per sample) were used
in each experimental trial.

Near-infrared heating and UV-C irradiation. A model aluminum
chamber (41 by 34 by 29 cm) was used in this study for NIR heating (NIR),
UV-C irradiation (UV), and NIR-UV combined treatment (Fig. 1). A
quartz halogen infrared heating lamp (350 mm; NS-104; NSTECH, South
Korea) with a maximum power of 500 W (radiation intensity at the sam-
ple location, 200.36 �W/cm2/nm) at a 230-V input was used as a NIR-
emitting source. The maximum wavelength (�m) generated from the in-
frared heater used in this study was about 1,300 nm, which is within the
NIR wave range. A UV germicidal lamp (357 mm; G10T5/4P; Sankyo,
Japan) with a nominal output power of 16 W (radiation intensity at the
sample location, 1.85 mW/cm2) was used as a UV-C-emitting source. The
radiation intensities generated from the NIR and UV lamps were mea-
sured and recorded by a NIR fiber optic spectrometer (AvaSpec-NIR256-
1.7; Avantes, Eerbeek, Netherlands) and a UV fiber optic spectrometer
(AvaSpec-ULS2048; Avantes). Two NIR emitters and two UV-C emitters
were arranged horizontally in parallel with the four emitting surfaces fac-
ing each other, and four aluminum reflectors were installed behind the
emitters to focus as much of the radiation as possible uniformly onto the
process line and enhance the efficiency of NIR and UV irradiation (Fig. 1).
The total power consumption of the four emitters was approximately 0.9
kW, as measured by a digital power meter (WT-230; Yokogawa, Japan) at
the standard voltage (220 V). The vertical distance between the emitters
and the sample was 13.5 cm (5.3 in.) on each side. For the subsequent
pasteurization experiments (NIR radiant heating, UV-C irradiation, and
the simultaneous application of both technologies), the surface-inocu-
lated ham slices were placed side-by-side in the center of a sterilized stain-
less rack with the long axis parallel to the NIR and UV lamps.

Temperature measurement. A fiber optic temperature sensor
(FOT-L; FISO Technologies Inc., Quebec, Canada) connected to a signal
conditioner (TMI-4; FISO Technologies Inc.) was used to measure the
temperatures in the samples in real time during NIR heating and simul-
taneous NIR-UV treatment. The sensor was placed directly on the surface
of the treated ham slices, and the temperature was manually recorded
every 5 s. The fiber optic sensors were coated with electrical insulating
material. All experiments were replicated three times, and means and
standard deviations of sample temperatures for the NIR and NIR-UV
combined treatment were compared to determine the rate of heating of
the samples.

Bacterial enumeration. At selected time intervals, each of two treated
ham slices (ca. 25 g) was removed, immediately transferred into a sterile
stomacher bag (Labplas Inc., Sainte-Julie, Quebec, Canada) containing
225 ml of BPW (detection limit, 10 CFU/g), and homogenized for 2 min

FIG 1 Schematic diagram of the NIR-UV combined treatment system used in this study. Adapted from reference 15.
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with a stomacher (Easy mix; AES Chemunex, Rennes, France). After ho-
mogenization, 1-ml aliquots of the sample were 10-fold serially diluted in
9 ml of BPW, and 0.1 ml of sample or diluent was spread plated onto each
selective medium. Sorbitol MacConkey agar (SMAC; Difco), xylose lysine
desoxycholate agar (XLD; Difco), and Oxford agar base (OAB) with Bacto
Oxford antimicrobial supplement (MOX; Difco) were used as selective
media for the enumeration of E. coli O157:H7, S. Typhimurium, and L.
monocytogenes, respectively. Where low numbers of surviving cells were
anticipated, 1 ml of undiluted sample was equally distributed onto four
plates to lower the detection limit. All agar media were incubated at 37°C
for 24 to 48 h before colonies were counted. To confirm the identity of the
pathogens, random colonies were selected from the enumeration plates
and subjected to biochemical and serological tests. These tests consisted
of the E. coli O157:H7 latex agglutination assay (RIM; Remel, Lenexa, KS),
the Salmonella latex agglutination assay (Oxoid, Ogdensburg, NY), and
the API Listeria test (bioMérieux, Hazelwood, MO).

Enumeration of injured cells. The overlay (OV) method was used to
enumerate injured cells of S. Typhimurium and L. monocytogenes (22).
TSA was used as a nonselective medium to repair injured cells. One hun-
dred microliters of the appropriate dilutions was spread plated onto TSA
medium, and the plates were incubated at 37°C for 2 h to allow injured
cells to resuscitate (23). The plates were then overlaid with 7 to 8 ml of
selective medium (XLD or OAB). After solidification, the plates were fur-
ther incubated for an additional 22 to 46 h at 37°C. Following incubation,
typical black colonies were counted. In the case of E. coli O157:H7, it is not
appropriate to overlay with SMAC medium. Instead, phenol red agar base
with 1% sorbitol (SPRAB; Difco) was used to enumerate injured cells of
this pathogen (24). After incubation at 37°C for 24 h, presumptive colo-
nies of E. coli O157:H7 with typical white colonies were enumerated.
Isolates randomly selected from SPRAB plates were subjected to serolog-
ical confirmation as E. coli O157:H7 (E. coli O157:H7 latex agglutination
assay; RIM; Remel, Lenexa, KS), because SPRAB is not typically used as a
selective agar for enumerating E. coli O157:H7.

Investigation of the bactericidal mechanism. To investigate sites of
cellular damage in S. Typhimurium DT 104 (the strain selected as a model
microorganism) caused by NIR, UV, and simultaneous NIR-UV treat-
ments, four kinds of metabolic inhibitors, chloramphenicol (28.0 �g/ml;
Sigma-Aldrich, St. Louis, MO), nalidixic acid (1.2 �g/ml; Sigma-Aldrich),
penicillin G (350.0 �g/ml; Sigma-Aldrich), and rifampin (5.0 �g/ml; Sig-
ma-Aldrich), were utilized. The concentrations of the metabolic inhibi-
tors applied were chosen after preliminary experiments were performed,
and the synthesis inhibition targets of these antibiotics are presented in
Table 1.

Two ham slices (ca. 25 g) inoculated with S. Typhimurium DT 104
were treated with NIR, UV, and NIR-UV for 70 s and homogenized in
BPW as described above. One hundred microliters of the appropriate
dilutions was spread plated onto TSA medium (with or without metabolic
inhibitors incorporated at the concentrations listed above), and the plates
were incubated at 37°C for 2 h to allow injured cells to resuscitate. The
plates were then overlaid with 7 to 8 ml of selective medium (XLD). After
solidification, the plates were further incubated for an additional 22 h at
37°C. Following incubation, typical black colonies were enumerated. The
quantitative levels of recovery inhibition were calculated by subtracting
the population numbers on medium containing each antibiotic from the

population numbers obtained on nonselective controls that did not con-
tain a selective reagent in the TSA medium and were thus used to probe
the site of injury corresponding to the particular metabolic inhibitor.

Color and texture measurement. In order to determine the effect of
NIR-UV treatment on the color of the ham slices, a Minolta colorimeter
(model CR400; Minolta Co., Osaka, Japan) was used to measure changes
to the color of the treated samples. The color attributes were quantified
from the values of L*, a*, and b*, which indicate the color lightness, red-
ness, and yellowness of the sample, respectively, and which were measured
at random locations on the ham slices. All measurements were taken in
triplicate.

Changes in the texture of the NIR-UV-treated ham slices were evalu-
ated with a Brookfield texture analyzer (CT3-10k; Brookfield Engineering
Laboratories, Inc., MA, USA) with a blade set probe (TA7; knife edge, 60
mm wide). After the treated samples were cooled, four stacked slices (45
by 90 mm) were placed onto the press holder, and a blade was moved
down at 2 mm/s. The maximum force required to cut the sample was
recorded using TexturePro CT software (version 1.2; Brookfield Engi-
neering Laboratories, Inc.). The peak force required to shear the samples
was utilized as an indicator of hardness. All experiments were replicated
three times.

Statistical analysis. All experiments were repeated three times with
duplicate samples. Triplicate data were analyzed by analysis of variance
(ANOVA) and Duncan’s multiple-range test of a statistical analysis sys-
tem (SAS Institute, Cary, NC, USA). A P value of �0.05 was used to
indicate significant differences.

RESULTS
Inactivation of pathogenic cells by simultaneous NIR-UV treat-
ment. Reductions in the viable counts of E. coli O157:H7, S. Ty-
phimurium, and L. monocytogenes cells on ham slice surfaces dur-
ing NIR radiant heating (NIR), UV-C irradiation (UV), and the
simultaneous application of both technologies (NIR-UV) are
summarized in Tables 2, 3, and 4, respectively. Significant (P �
0.05) log reductions of the three pathogens were observed after 10
s of UV irradiation alone and the NIR-UV combined treatment,
whereas for NIR radiant heating, the time to initiation of a signif-
icant (P � 0.05) reduction was delayed about 30 to 40 s (Tables 2
to 4). In addition, the UV sensitivities (irradiation dose based) of

TABLE 1 Concentrations of metabolic inhibitors incorporated into TSA
medium and targets of synthesis inhibition

Metabolic inhibitor Concna (�g/ml) Target of synthesis inhibition

Chloramphenicol 28.0 Protein (ribosome)
Nalidixic acid 1.2 DNA
Penicillin G 350.0 Cell wall
Rifampin 5.0 RNA (RNA polymerase)
a The maximum concentration at which selective antibiotics had no effect on colony
formation of intact Salmonella Typhimurium DT 104 cells.

TABLE 2 Reductions in numbers of viable Escherichia coli O157:H7
cells on ham slice surfaces treated with UV, NIR, and NIR-UV

Treatment
time (s)

Log reduction (log10 n0 � log10 n) by treatment type and
selective mediuma

UV (SMAC) NIR (SMAC)

NIR-UV

SMAC SPRAB

0 0.00 � 0.00A 0.00 � 0.00A 0.00 � 0.00Aa 0.00 � 0.00Aa

10 1.22 � 0.27B 0.06 � 0.07A 1.57 � 0.33Ba 1.49 � 0.01Ba

20 1.24 � 0.26B 0.11 � 0.07A 1.88 � 0.24BCa 1.54 � 0.02Ba

30 1.29 � 0.22B 0.21 � 0.11A 2.00 � 0.38BCDa 1.62 � 0.08BCa

40 1.43 � 0.23B 0.25 � 0.11A 2.14 � 0.30CDa 1.81 � 0.34BCa

50 1.46 � 0.21B 0.69 � 0.27B 2.46 � 0.19DEa 1.96 � 0.25Ca

60 1.50 � 0.24B 1.05 � 0.23C 2.68 � 0.16Ea 2.46 � 0.30Da

70b 1.52 � 0.15B 1.46 � 0.09D 3.62 � 0.26Fa 3.23 � 0.23Ea

a The values are means � standard deviations from three replications. Means with the
same uppercase letter in the same column are not significantly different (P � 0.05).
Within the NIR-UV columns, values in the same row followed by the same lowercase
letter are not significantly different (P � 0.05). SMAC, sorbitol MacConkey agar;
SPRAB, phenol red agar base with 1% sorbitol; n0, initial population; n, population
after treatment.
b A statistically significant (P � 0.05) difference between the sum of NIR and UV
inactivation and inactivation achieved with combination treatment was observed.
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the treated pathogens were consistent with those presented in an-
other report describing S. Typhimurium and L. monocytogenes
inactivation by UV-C light in RTE sliced ham (25). The simulta-
neous NIR-UV combined treatment for 70 s led to mean reduc-
tions of 3.62, 4.17, and 3.43 log CFU/g in E. coli O157:H7, S.
Typhimurium, and L. monocytogenes, respectively. For all three
pathogens, the sums of the reductions for NIR and UV inactiva-
tion were lower than the values reached by the simultaneous ap-
plication of both technologies. In other words, the existence of a
synergistic effect against all pathogens was confirmed for all treat-
ment times. However, statistically significant (P � 0.05) differ-
ences between the sums of NIR and UV inactivation and the in-
activation obtained with the combination treatment were
observed for the three pathogens only after treatment times of 70 s
(Tables 2 to 4). The reductions in the E. coli O157:H7, S. Typhi-

murium, and L. monocytogenes counts resulting from the syner-
gistic effect occurring after 70 s of treatment, calculated by sub-
tracting the sums of the NIR and UV reductions from those
achieved during simultaneous NIR-UV treatment, were 0.64,
0.76, and 0.43 log units, respectively.

Resuscitation of NIR-UV-injured cells. The levels of suble-
thally injured E. coli O157:H7, S. Typhimurium, and L. monocy-
togenes cells on ham slice surfaces following simultaneous
NIR-UV treatment are presented in Tables 2, 3, and 4, respec-
tively. At the maximum treatment time of 70 s, injured cell levels
of 0.39, 0.51, and 0.27 log CFU/g were detected for E. coli O157:
H7, S. Typhimurium, and L. monocytogenes, respectively. Overall,
the reductions in the numbers of the three pathogens observed at
whole treatment time intervals using the agar OV method (SPRAB
in the case of E. coli O157:H7) were slightly less than the reduc-
tions observed by direct plating on selective agar. However, statis-
tically significant (P � 0.05) differences between the inactivation
levels enumerated on the appropriate selective agar (SMAC, XLD,
and OAB) versus the agar used for recovery (SPRAB, OV-XLD,
and OV-OAB) were not observed for any treatment time interval
(Tables 2 to 4).

Average temperature-time histories of ham slices. The aver-
age surface temperatures of the ham slices during NIR heating and
simultaneous NIR-UV treatment are shown in Fig. 2. The surface
temperature rose immediately in response to infrared waves when
the ham slice samples were exposed to NIR radiation, and the
heating rate of the simultaneous NIR-UV treatment was not sig-
nificantly (P � 0.05) different from that of the NIR treatment
alone (Fig. 2). The surface temperature of the ham slices increased
from room temperature (22 � 2°C) and reached ca. 74°C after 70
s of NIR-UV treatment. The difference in temperature between
treatment with NIR alone and NIR-UV treatment at 70 s was
under 1°C.

Determination of injury sites in NIR-UV-treated cells. To
gain further insight into the basis of NIR-UV injury, the effect of
metabolic inhibitors on repair of S. Typhimurium DT 104 cells
injured by UV, NIR, and NIR-UV was examined. Table 5 shows
the quantitative levels of recovery inhibition of S. Typhimurium

TABLE 3 Reductions in numbers of viable Salmonella Typhimurium
cells on ham slice surfaces treated with UV, NIR, and NIR-UV

Treatment
time (s)

Log reduction (log10 n0 � log10 n) by treatment type and
selective mediuma

UV (XLD) NIR (XLD)

NIR-UV

XLD OV-XLD

0 0.00 � 0.00A 0.00 � 0.00A 0.00 � 0.00Aa 0.00 � 0.00Aa

10 1.16 � 0.17B 0.03 � 0.03A 1.55 � 0.23Ba 1.38 � 0.16Ba

20 1.22 � 0.16B 0.06 � 0.00A 1.68 � 0.37Ba 1.46 � 0.19Ba

30 1.48 � 0.22C 0.06 � 0.04A 1.71 � 0.34Ba 1.55 � 0.23Ba

40 1.56 � 0.14C 0.11 � 0.12A 1.96 � 0.35BCa 1.83 � 0.39BCa

50 1.57 � 0.15C 0.43 � 0.30B 2.31 � 0.30Ca 2.25 � 0.24Ca

60 1.63 � 0.12C 1.19 � 0.20C 3.05 � 0.32Da 2.78 � 0.27Da

70b 1.73 � 0.03C 1.68 � 0.03D 4.17 � 0.11Ea 3.66 � 0.34Ea

a The values are means � standard deviations from three replications. Means with the
same uppercase letter in the same column are not significantly different (P � 0.05).
Within the NIR-UV columns, values in the same row followed by the same lowercase
letter are not significantly different (P � 0.05). XLD, xylose lysine desoxycholate agar;
OV-XLD, overlay XLD on TSA; n0, initial population; n, population after treatment.
b A statistically significant (P � 0.05) difference between the sum of NIR and UV
inactivation and inactivation achieved with combination treatment was observed.

TABLE 4 Reductions in numbers of viable Listeria monocytogenes cells
on ham slice surfaces treated with UV, NIR, and NIR-UV

Treatment
time (s)

Log reduction (log10 n0 � log10 n) by treatment type and
selective mediuma

UV (OAB) NIR (OAB)

NIR-UV

OAB OV-OAB

0 0.00 � 0.00A 0.00 � 0.00A 0.00 � 0.00Aa 0.00 � 0.00Aa

10 1.00 � 0.21B 0.06 � 0.10A 1.37 � 0.42Ba 1.26 � 0.03Ba

20 1.08 � 0.28B 0.11 � 0.14A 1.66 � 0.26BCa 1.36 � 0.15Ba

30 1.11 � 0.28BC 0.23 � 0.26AB 1.73 � 0.20BCa 1.52 � 0.21BCa

40 1.18 � 0.18BC 0.48 � 0.31BC 1.96 � 0.05Ca 1.83 � 0.34Ca

50 1.27 � 0.16BCD 0.67 � 0.21CD 2.45 � 0.25Da 2.26 � 0.20Da

60 1.46 � 0.16CD 0.87 � 0.20D 2.73 � 0.36Da 2.62 � 0.32Da

70b 1.55 � 0.17D 1.45 � 0.21E 3.43 � 0.10Ea 3.16 � 0.18Ea

a The values are means � standard deviations from three replications. Means with the
same uppercase letter in the same column are not significantly different (P � 0.05).
Within the NIR-UV columns, values in the same row followed by the same lowercase
letter are not significantly different (P � 0.05). OAB, Oxford agar base; OV-OAB,
overlay OAB on TSA; n0, initial population; n, population after treatment.
b A statistically significant (P � 0.05) difference between the sum of NIR and UV
inactivation and inactivation achieved with combination treatment was observed.
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FIG 2 Average temperature-time histories of ham slice surfaces during NIR
heating and simultaneous NIR-UV treatment. The error bars indicate stan-
dard deviations calculated from triplicates.
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DT 104 after each treatment. The degree of recovery inhibition of
intact S. Typhimurium DT 104 cells (untreated control) was close
to zero; namely, the resuscitated populations of untreated S. Ty-
phimurium DT 104 cells were not significantly different in the
presence or absence of the selective antibiotics (chloramphenicol,
nalidixic acid, penicillin G, and rifampin). Penicillin G did not
inhibit the recovery of UV- or NIR-treated cells at all. However,
significant (P � 0.05) inhibition of repair (ca. 0.27 log unit) was
detected following the NIR-UV combined treatment. In the pres-
ence of chloramphenicol, the degree of recovery inhibition of
NIR-UV-treated cells (ca. 0.58 log unit) was significantly (P �
0.05) higher than the degree of recovery inhibition of UV- or
NIR-treated cells (ca. 0.02 or 0.29 log unit, respectively). Nalidixic
acid only slightly inhibited the repair of injuries induced by UV or
NIR-UV and did not affect the viability of NIR-treated cells,
whereas in the presence of rifampin, equal ca. 0.65 log unit of
resuscitation of NIR- or NIR-UV-treated cells, respectively, was
inhibited. Therefore, S. Typhimurium DT 104 cells subjected to
simultaneous NIR-UV treatment showed significantly (P � 0.05)
greater values of recovery inhibition than cells subjected to the
other treatments in the presence of chloramphenicol or peni-
cillin G.

Effect of simultaneous NIR-UV treatment on product qual-
ity. The color and texture parameters of the ham slices after simul-
taneous NIR-UV treatment are shown in Table 6. The color (L*,
a*, and b*) values for NIR-UV-treated (70 s) ham slices were not
significantly (P � 0.05) different from those for nontreated sam-
ples. Although the values of a* and b* (redness and yellowness,
respectively) slightly increased and the values of L* (lightness)
slightly decreased, in accordance with the prolonged treatment
time, statistically significant differences were not observed during
the entire treatment interval (Table 6). Also, the NIR-UV com-
bined treatment for 70 s did not significantly (P � 0.05) change
the maximum load values of the texture measurements. Thus, the

simultaneous application of NIR and UV treatment for 70 s did
not significantly alter the quality of the ham slice products.

DISCUSSION

Recently, to meet the needs of food industries, new designs of
combined antimicrobial processes that are applied at lower inten-
sities but that exhibit degrees of microbial inactivation equivalent
to or even higher than that of either treatment used alone are in
demand. Therefore, in order to prevent excessive heating of sliced
ham without compromising decontamination ability, we ex-
plored the effect of decreasing the input energy of NIR heating
while combining it with UV-C irradiation. As a result, the simul-
taneous NIR-UV treatment resulted in a level of inactivation of E.
coli O157:H7, S. Typhimurium, and L. monocytogenes significantly
greater than that achieved with either treatment used alone as a
result of synergism (Tables 2 to 4) without causing any deteriora-
tion in product quality due to the lower intensity of NIR (Table 6).
Many researchers have emphasized the importance of the pres-
ence of sublethally injured cells after bactericidal treatments, since
they are able to repair themselves and resume growth under favor-
able conditions (26). In the present study, the extent to which
sublethally injured pathogens survived after NIR-UV treatment
was evaluated by plating on selective agars with and without a
resuscitation step, yet there were no significant (P � 0.05) differ-
ences at any of the treatment time intervals (Tables 2 to 4).

One of the purposes of the current study was to examine the
mechanism of the synergistic lethal effect induced by simultane-
ous NIR and UV treatment. On the basis of the extent of synergis-
tic inactivation of the three pathogens detected and the treatment
interval at which statistically significant (P � 0.05) synergism was
observed, S. Typhimurium strain DT 104 and a 70-s treatment
time were chosen as model factors for investigation of the mech-
anism (Tables 2 to 4). We postulated that UV-, NIR-, and NIR-
UV-injured cells have different sensitivities to antibiotics which

TABLE 5 Effect of metabolic inhibitors on resuscitation of UV-, NIR-, and NIR-UV-injured Salmonella Typhimurium DT 104 cells

Treatment type

Level of recovery inhibition (log10 CFU/g) by selective antibioticsa

Chloramphenicol Nalidixic acid Penicillin G Rifampin

Untreated control 0.09 � 0.01A �0.01 � 0.07AB 0.01 � 0.09A 0.02 � 0.05A

UV 0.02 � 0.04A 0.07 � 0.06B �0.01 � 0.06A 0.23 � 0.04B

NIR 0.29 � 0.17A �0.04 � 0.01A �0.01 � 0.07A 0.65 � 0.11C

NIR-UV 0.58 � 0.23B 0.06 � 0.04B 0.27 � 0.03B 0.65 � 0.08C

a Values are means of three replications � standard deviations. Values followed by the same letters within the column for each metabolic inhibitor are not significantly different (P
� 0.05). The quantitative levels of recovery inhibition were calculated by subtracting the populations on medium containing each antibiotic from the populations obtained on
nonselective medium that did not contain a selective reagent (control).

TABLE 6 Surface color values and maximum load values for quantifying texture of ham slices simultaneously treated with NIR-UVa

Treatment time (s)

Color value for parameter

Maximum load (g)L* a* b*

0 63.54 � 0.57A 15.69 � 0.10A 9.60 � 0.55A 1,015.67 � 43.66A

10 63.43 � 0.55A 15.91 � 0.18A 9.59 � 1.02A 1,001.00 � 72.33A

30 63.54 � 0.96A 15.81 � 0.27A 9.88 � 0.98A 1,012.67 � 52.00A

50 62.82 � 0.56A 16.00 � 0.53A 10.21 � 0.40A 1,007.33 � 73.93A

70 62.31 � 0.29A 16.19 � 0.41A 10.79 � 0.67A 1,022.33 � 71.63A

a Values are means from three replications � standard deviations. Values followed by the same letters within each column are not significantly different (P � 0.05). L*, lightness; a*,
redness; b*, yellowness.
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promote specific inhibitory actions on bacteria, and four types of
metabolic inhibitors (antibiotics), of which primary synthesis in-
hibitions are well-known, were employed in order to specify the
character of the injury in the target microorganism. Antibiotic-
induced cell death has been well studied and predominantly falls
into four classes: inhibition of DNA synthesis, inhibition of pro-
tein synthesis, inhibition of cell wall synthesis, and inhibition of
RNA synthesis (27). Antibiotics can be also classified on the basis
of whether they induce cell death with an efficiency of �99.9%
(bactericidal) or merely inhibit cell growth (bacteriostatic) (28).
In this study, we employed chloramphenicol, nalidixic acid, pen-
icillin G, and rifampin as the protein, DNA, cell wall, and RNA-
specific synthesis inhibitors, respectively, since each is bacterio-
static. The bacteriostatic antibiotics block a particular cellular
process and do not produce highly deleterious hydroxyl radicals,
whereas in Gram-negative and Gram-positive bacteria, all classes
of bactericidal antibiotics stimulate the production of hydroxyl
radicals, which ultimately contribute to cell death (28), and in
those instances it may be difficult to determine the specific site of
injury in cells.

Several research studies have used these metabolic inhibitors to
investigate the cellular metabolic activities and the site of damage in
treated cells (29–34). In all previous studies, however, liquid suspen-
sions of bacterial cells were treated and then subjected to analysis of
the mechanism. It is well-known that the physicochemical state and
composition of the treatment medium may affect the bactericidal
efficacy of most food preservation technologies, and more specifi-
cally, sites of cellular damage or the extent of damage at a particular
cellular site could be different (31). Therefore, to accurately study the
mechanism of NIR-UV-induced injury for a particular microorgan-
ism on ham slices, the studies should be performed in the same food
system. For this purpose, we combined the metabolic inhibitors with
the overlay method (TSA-XLD). TSA medium containing the anti-
biotics was used as the selective medium. S. Typhimurium DT 104
cells treated on ham slices were spread plated onto selective medium
and nonselective medium that did not contain an antibiotic. Colonies
of target Salmonella cells could be readily enumerated on the over-
laid XLD medium. The difference in colony counts obtained with
and without the addition of selective reagents can thus be taken as
a measure of injury resulting from each treatment. This proposed
method could be utilized in a food base as a simple and effective
means of detecting and classifying sites of cellular damage to bac-
terial cells induced by physical or chemical antimicrobial technol-
ogies.

Since the number of colonies of noninjured cells on selective
medium (TSA-antibiotic) has to be same as that on nonselective
medium, we investigated the effects of various concentrations of
metabolic inhibitors in TSA medium on inactivation of intact S.
Typhimurium DT 104 cells to find the maximum concentrations
at which selective antibiotics had no quantitative effect on the
formation of colonies. The applied maximum concentrations, es-
pecially those of chloramphenicol and penicillin G, were relatively
high due to the multidrug resistance of S. Typhimurium strain DT
104 (35). As a result, exposure of intact S. Typhimurium DT 104
cells to the selective antibiotic agents at the concentrations listed
in Table 1 caused no substantial effects on colony formation (Ta-
ble 5). These concentrations are adequate to allow detection of any
slight damage to bacterial cells (resulting in a reduction in colony
numbers). In the present study, there were no significant (P �
0.05) differences in the level of recovery inhibition between NIR-

and NIR-UV-treated cells in the presence of rifampin or between
UV- and NIR-UV-treated cells in the presence of nalidixic acid.
Rifampin acts on RNA polymerase to arrest DNA-dependent
RNA synthesis, and nalidixic acid targets DNA replication and
repair by binding DNA gyrase complexed with DNA (27). These
results indicate that RNA or DNA damage did not affect the syn-
ergistic effect of the NIR-UV combined treatment. On the other
hand, simultaneous NIR-UV treatment markedly enhanced the
level of recovery inhibition in the presence of penicillin G or chlor-
amphenicol. Moreover, the extent of recovery inhibition induced
by the simultaneous application of NIR and UV was significantly
higher than the sum of the recovery inhibition levels obtained by
separate NIR and UV treatments (Table 5). From this synergistic
tendency, the main cellular damage contributing to the synergistic
lethal effect of the NIR-UV combined treatment could be inferred.
The mode of inhibition for penicillin G is interference with cell
wall synthesis by blocking transpeptidation on peptidoglycan
strands, and that for chloramphenicol is disruption of protein-
synthesizing systems (blockage of protein translation) depending
on the reaction with the 50S subunit of ribosomes (27). Typically,
structural proteins are necessary for the normal development of
the cell membrane or cell wall. Especially, during restoration of
injured cell envelopes, ribosomal damage can significantly affect
membrane integrity owing to the inhibition of membrane protein
synthesis (36). Therefore, the mechanism of synergistic bacterial
inactivation by simultaneous NIR-UV treatment might be related
to damage to cellular envelopes and the inability of cells to repair
these structures due to ribosomal damage. Thus, more than one
type of damage may be related to the synergistic lethal effect.

These results are in agreement with earlier findings from trans-
mission electron microscopy (TEM) analysis and the propidium
iodide (PI) uptake test in our previous study (20). Based on TEM
images and PI uptake values, we confirmed that disruption of the
bacterial cell membrane was the main factor contributing to the
synergistic inactivation by the NIR-UV combined treatment. In
addition, the outputs involving NIR radiant heating do not con-
tradict the findings of other research studies which dealt with the
metabolic requirements involved in the thermal injury and repair
of bacteria (30, 31, 37). Tomlins and Ordal (37) reported that
rifamycin, an inhibitor of RNA synthesis, blocked the repair of
heat-injured S. Typhimurium. Thus, in S. Typhimurium, RNA is
degraded during heat treatment and resynthesized during repair.
The function of RNA polymerase in cells is very sensitive to tem-
perature change since it plays an important role in induction of
heat shock proteins (38). Therefore, in NIR and NIR-UV com-
bined treatment, there were equal levels of recovery inhibition by
rifampin (Table 5), which demonstrated that similar degrees of
thermal damage occurred in both NIR- and NIR-UV-treated cells
due to the same patterns of temperature growth (Fig. 2).

In conclusion, the simultaneous application of NIR and UV-C
radiation was especially effective in inactivating three major patho-
genic bacteria (E. coli O157:H7, S. Typhimurium, and L. monocy-
togenes) on RTE sliced ham owing to their aforementioned syner-
gistic mechanisms without affecting product quality.
Furthermore, the NIR-UV processing technique can easily be uti-
lized in industrial applications on a continuous basis, and the
effectiveness of this decontaminating system can be further im-
proved by refining the procedure, such as rearranging the radia-
tion intensities of NIR and UV-C emitters and adjusting the treat-
ment intervals.

Simultaneous Application of NIR and UV-C Radiation
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