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ABSTRACT: Ultraviolet (UV) light has exhibited antimicrobial eﬀects, with recent studies looking at UV-A light in particular. The
objective of this study was to determine the antimicrobial mechanism and microbial inactivation kinetics of UV-A light on processed
cheese. Processed cheese was inoculated with Escherichia coli K12 and Listeria innocua to yield a ﬁnal concentration of ∼5
log[colony-forming units (CFU)/g] and then exposed to UV-A light for 0−60 min to determine the kinetics of microbial
inactivation. The experimental data were ﬁtted with the Weibull model of inactivation kinetics. To achieve an ∼6 log(CFU/g)
decrease, UV-A light exposure for ∼70 min was required for E. coli K12 and ∼130 min for L. innocua L2. The processed cheese was
analyzed using infrared spectroscopy after UV-A exposure for 0 and 60 min and showed no apparent changes in the surface
chemistry. A decrease in the moisture content was noted, which caused an increase in the concentration of lipids on the surface. A
statistically signiﬁcant (P < 0.05) eﬀect was observed in the color of the cheese after UV-A light exposure for 60 min. The eﬀect of
UV-A light exposure on the oxidative stress and membrane damage of both bacteria was analyzed through ﬂuorometric techniques. A
signiﬁcant (P < 0.05) increase in oxidative stress and membrane damage was observed for both bacteria, which was more
pronounced for E. coli K12. Our ﬁndings suggest the UV-A light could prove to be a suitable alternative for surface decontamination
of dairy products.
KEYWORDS: UV-A light, dairy foods, microbial inactivation kinetics, antimicrobial mechanisms
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INTRODUCTION

linking of thymine and cytosine in the microbial DNA. This
results in suppression of the transcription and replication of the
DNA strand and ultimately causes cell death.7
There have been several studies that have analyzed the
eﬃcacy of UV-C light on dairy products. For example, one
study exposed sliced cheese to UV-C light with and without
diﬀerent thicknesses of plastic packaging.8 Through their UVC treatments, they were able to achieve a >3 log[colonyforming units (CFU)/g] reduction in the microbial load of the
samples without and with the thinnest plastic packaging.
Another study exposed Fiordilatte cheese inoculated with
Pseudomonas spp. to UV-C light for up to 300 s and measured
the microbial quality.9 They noted that treating the cheese
with UV-C light for 60 or 300 s kept the microbial load below
5 log(CFU/g) for a 10 day observation period. However, the
samples treated with UV-C light for 0−30 s had a microbial
load of >5 log(CFU/g) between 4 and 6 days.
In another study, several types of milk and cheese products
were exposed to UV-C light where the microbial inactivation
and various quality parameters were measured. Several
microorganisms were used, including Staphylococcus aureus,
Escherichia coli O157:H7, Listeria monocytogenes, Pseudomonas
spp., etc. Microbial reductions of 1−6 log(CFU/cm2 or CFU/

Ultraviolet (UV) light has shown to be a promising alternative
food preservation technique. Its ability to disinfect and reduce
the number of microorganisms without risking the integrity
and quality of the food has promoted its use and further
research. It has been used in the food industry to
decontaminate surfaces, particularly processing equipment.1
Many foodborne outbreaks, including those for dairy products,
can be linked to contaminated processing equipment. When
contaminated processing equipment comes in contact with a
product, particularly the product surfaces for solid foods, it has
an increased chance to contaminate the ﬁnished product and
ultimately result in a foodborne illness.2
UV light can be divided into three diﬀerent types on the
basis of their emission wavelengths: UV-A, UV-B, and UV-C.
Each type of UV light has shown various beneﬁts for the food
industry. UV-A has been used for water puriﬁcation and is
classiﬁed by wavelengths between 315 and 400 nm. UV-B has
been used to induce plant growth and covers the wavelengths
between 280 and 315 nm. UV-C is deﬁned by wavelengths
ranging from 200 and 280 nm and has been used for food
processing, particularly aiding in microbial inactivation.3
UV light exposure can have diﬀerent eﬀects depending on
the type of microorganism. The size, density, and other
phenotypic properties of the microorganism or solution can
determine the amount of UV light that is absorbed.4 There
have been studies that show that Gram-negative bacteria are
more susceptible to UV light, due to their cellular structure and
natural environment.5,6 Once UV light, particularly UV-C light,
has been absorbed by a microorganism, it causes a cross© XXXX American Chemical Society
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Sciences of Utah State University. Test microorganisms were
prepared on the basis of previous works.19 Brieﬂy, a loopful of a
frozen stock (−80 °C, 20% glycerol) from each bacterium was
inoculated by being streaked onto TSA plates and incubated for 24 h
at 37 °C. A single colony of each bacterium was then inoculated into 9
mL of sterile TSB and incubated for 12−14 h at 37 °C. A loopful of
the overnight culture was then streaked onto a new TSA plate and
incubated for 24 h at 37 °C. These TSA plates were stored under
refrigeration for a maximum of 3 weeks and used for all of the
evaluations. Before any experiments were performed, a single colony
of the needed bacterium was introduced into 9 mL of sterile TSB and
incubated overnight at 37 °C for 12−14 h. These cultures were used
to prepare any bacterial suspensions for all evaluations as explained in
the following sections.
Kinetics of Microbial Inactivation in Processed Cheese. An
∼8 log(CFU/mL) suspension was prepared by 10% dilution of a
bacterial overnight culture in sterile deionized (DI) water. The
processed cheese was cut into cylinders with a diameter of 35 mm, a
thickness of ∼5 mm, and weights of 6−8 g. The cheese was then
inoculated with 19 μL of the ∼8 log(CFU/mL) suspension by
streaking onto its surface to give a ﬁnal microbial concentration of ∼5
log(CFU/g) . The processed cheese was allowed to dry for 5 min
under aseptic conditions. After the cheese dried, the cheese was
placed in a model CL-1000L UV cross-linker (Analytik Jena, Jena,
Germany) and exposed to UV-A light [λ = 365 nm, 6000 μW/cm2,
approximately 15 cm from the cheese’s surface (Figure 1)] for

mL) were observed depending on the sample. The density,
composition, and opacity of the sample play an important role
in how far-UV light penetrates; therefore, the eﬀectiveness is
dependent on the matrix of the food product. For example, the
more porous and/or opaque the surface or solution, the less
eﬀective the UV light treatment.10 Changes in sensory
characteristics and some quality parameters were also noted.11
Although UV-C has proven to be very eﬃcient at killing
microorganisms, there are potential drawbacks for its use. The
main concern with using UV-C light is that it can be harmful
for humans. Overexposure to UV-C light can cause a variety of
problems, such as cataracts, severe burns, and skin cancer, with
those that work around UV-C light irradiation devices having
an increased susceptibility.12 The risk of UV-A light exposure,
however, is not as high as the risk of exposure to UV-C light
for humans. Another beneﬁt to using UV-A light is that there is
less energy absorbed.13 Although UV-A has these beneﬁts, it
does not have the same antimicrobial strength as UV-C. These
factors have led researchers to test the antimicrobial eﬃcacy of
UV-A light, especially when used with another factor.
Recent studies have also indicated microbial inactivation
when UV-A light has been used with another agent or
compound. One such study showed that the combination of
UV-A light and benzoic acid could inactivate E. coli O157:H7
inoculated on fresh produce by >5 log(CFU/mL) within 30
min. In the same work, it was also found that the antimicrobial
mechanism was due to membrane damage, intracellular
acidiﬁcation, and intracellular oxidative stress, by way of the
production of reactive oxygen species (ROS).14 When
microorganisms are exposed to UV-A light, commonly found
intercellular components, such as ﬂavin or NAD(P)H, can
become excited to a triplet state that then forms charged
radicals.15 These can result in ROS and oxidative damage to
DNA, proteins, and lipids, all of which are essential for
microbial viability.16 Various other studies have looked at the
antimicrobial eﬀects of the combination of polypropylene
blended with polycations, peptides, or proteins and subsequent
UV-A light exposure.17−19 Peptides and proteins, when used to
modify materials and protonated, exhibit an antimicrobial
mechanism similar to that of polycations that disrupts
negatively charged cell membranes and inhibits cellular
proteins and DNA or RNA synthesis.20 These compounds
are also capable of generating ROS when exposed to light that
can ultimately increase their antimicrobial eﬀects.21
The objective of this study was to investigate the
antimicrobial mechanism and microbial inactivation kinetics
of UV-A irradiation on cheese surfaces. In addition, this study
analyzed any changes in surface chemistry through infrared
(IR) spectroscopy and changes in color.
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Figure 1. Sketch of the UV-A chamber used to inactivate
microorganisms in processed cheese.

diﬀerent exposure times, 0−60 min, in 10 min increments. After UVA light exposure, the cheese samples were blended in buﬀered
peptone water and serial 10% dilutions were prepared with the same
buﬀer solution. Then, 100 μL of each dilution was plated onto TSA
plates, which were then incubated for 48 h at 37 °C. Preliminary tests
were performed to determine whether TSA plates could be used in
place of a selective medium, in which cheese samples without any
bacteria added were blended and 333 μL was plated on TSA. After the
plates were incubated for 48 h at 37 °C, it was noted that the
microbial load was below the limit of detection, <1 log(CFU/g).
Furthermore, tests were also performed using selective medium,
which resulted in a plate count lower than the TSA plate counts. It is
hypothesized that the lower plate counts on the selective medium are
due to the inhibition of growth for any damaged bacterial cells
following the UV-A treatment. The numbers of survivors were
determined thereafter through plate counts. Each treatment was
performed in triplicate.
The experimental data were ﬁtted with the Weibull model of
inactivation kinetics:

MATERIALS AND METHODS

Materials. Processed cheese was obtained from the Dairy
Processing Plant at the Department of Nutrition, Dietetics and
Food Sciences of Utah State University. Plate count agar (PCA),
tryptic soy agar (TSA), and tryptic soy broth (TSB) were obtained
from Difco (Decton Dickinson, Sparks, MD). Sodium phosphate
monobasic anhydrous, potassium phosphate monobasic anhydrous,
potassium chloride, and sodium chloride were obtained from VWR
(Life Science, Philadelphia, PA). CellROXGreen Reagent and
propidium iodide (PI) were obtained from Invitrogen (ThermoFisher
Scientiﬁc, Waltham, MA).
Test Microorganisms. Gram-negative bacterium E. coli K12
ATCC 47009 and Gram-positive bacterium L. innocua L2 were
provided by the Department of Nutrition, Dietetics and Food
B
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three spots on the surface. Each treatment was performed in triplicate.
The changes in color were determined using the following equation:

(1)

ΔE =

where N represents the microbial load (CFU) at a speciﬁc time, N0 is
the initial number of microorganisms (CFU), b (min−n) and n
(dimensionless) are temperature-dependent coeﬃcients, and t
represents time (minutes).22 Often ﬁrst-order kinetics are used to
characterize microbial inactivation; however, the inactivation behavior
of many microorganisms does not follow linear ﬁrst-order kinetics.
This has led to the need for a new, more accurate model for microbial
inactivation that accounts for the nonlinearity of microbial
inactivation, which is called the Weibull model.23 Thus, we used
the Weibull model in our study.
Analysis of Intracellular Oxidative Stress. Intracellular
oxidative stress was analyzed using CellROX Green Reagent and
according to previous works.24 Brieﬂy, PCA (with the same
dimensions of the cheese samples) was used in lieu of the processed
cheese, inoculated with 19 μL of each bacterium, and incubated at 37
°C for 24 h, to obtain a bacterial lawn. Attempts were made to grow a
bacterial lawn on the processed cheese; however, no detectable lawns
were found. PCA was used to obtain the needed bacterial lawn, as it is
more often used as a food simulant due to its carbohydrate content
and to measure the microbial load in dairy products.25 PCA was then
exposed to UV-A light for 10−60 min. Following the treatment, the
bacterial lawn was removed and placed in a test tube with phosphatebuﬀered saline (PBS). CellROX Green Probe was added to the
suspension to yield a concentration of 5 μM. The suspension was then
incubated in the dark at 37 °C for 30 min. Following the incubation,
the suspension was washed three times with sterile PBS and then
resuspended in 500 μL of PBS. A volume of 100 μL was then
transferred to a 96-well opaque plate for ﬂuorescence intensity
measurements with excitation and emission wavelengths of 485 and
520 nm, respectively, using a SpectraMax iD3 microplate reader
(Molecular Devices, LLC, Sunnyvale, CA). The relative ﬂuorescence
was calculated as the ratio between the ﬂuorescence intensity readings
after UV-A light exposure for 10−60 min and the intensity of the
bacterial lawn after UV-A light exposure for 0 min.
Analysis of Membrane Damage. Analysis of membrane damage
was performed as outlined in previous works.24 Each bacterium was
analyzed using ﬂuorescence probe propidium iodide (PI). PCA plates
were inoculated with 19 μL of each bacterium and incubated at 37 °C
for 24 h, to obtain a bacterial lawn. The PCA was then exposed to
UV-A light for 0−60 min. The bacterial lawn was then removed,
washed with DI water, and centrifuged for 2 min at 10000g. A 50 μL
portion of PI was then added to each sample to give a concentration
of 5 μM, and then the mixture incubated at 25 °C for 15 min. The
samples were then washed and suspended in 500 μL of PBS. A 100 μL
portion of the sample was then placed in a 96-well opaque microplate
and analyzed using a SpectraMax iD3 microplate reader (Molecular
Devices, LLC) with excitation and emission wavelengths of 490 and
635 nm, respectively, to measure the ﬂuorescence intensity. The
relative ﬂuorescence was calculated as the ratio between the
ﬂuorescence intensity readings after UV-A light exposure for 10−60
min and the intensity of the bacterial lawn after UV-A light exposure
for 0 min.
Surface Characterization by Attenuated Total Reﬂectance
Fourier Transform Infrared Spectroscopy. The procedure
outlined was based on previous works.17−19 The surface chemistry
of the processed cheese was analyzed following UV-A light exposure
for 0 and 60 min. They were analyzed using ATR-FTIR with an
IRTracer-100 infrared spectrometer (Shimadzu Corp.) that was
equipped with a diamond ATR crystal (Quest Single Reﬂection ATR
Accessory, Specac Ltd.). The resulting bands were interpreted using
KnowItAll (Bio-Rad Laboratories, Philadelphia, PA) following the
necessary baseline corrections.
Measurement of Changes in Color. The changes in color were
measured following UV-A light exposure for 0 and 60 min. After the
treatments, the samples were analyzed using a colorimeter (Chroma
Meter CR-400, Konica Minolta, Ramsey, NJ) by randomly selecting

(ΔL*)2 + (Δa*)2 + (Δb*)2

(2)

where ΔE is the total change in color, ΔL* is the diﬀerence between
the initial and treated L* values (luminosity), Δa* is the diﬀerence
between the initial and treated a* values (green−red spectrum), and
Δb* is the diﬀerence between the initial and treated b* values (blue−
yellow spectrum).
Statistical Analysis. When appropriate, statistical signiﬁcance
between treatments was determined through Tukey’s pairwise
comparisons using Minitab version 19.2020.1 (Minitab Inc., State
College, PA). Nonlinear regression analysis was performed with
SigmaPlot 14.0 (Systat Software, Inc., San Jose, CA). In all statistical
analyses, a conﬁdence interval of 95% was used.

■

RESULTS AND DISCUSSION
Kinetics of Microbial Inactivation in Processed
Cheese. The processed cheese inoculated with E. coli K12
exhibited a microbial inactivation rate faster than those of the
samples that were inoculated with L. innocua L2 (Table 1).
Table 1. Microbial Inactivation Dataa
log(N/N0)
time (min)

E. coli K12

10
20
30
40
50
60

−0.02 ± 0.08
−0.58 ± 0.34
−1.02 ± 0.33
−2.57 ± 0.66
−3.05 ± 0.22
BLDb

L. innocua
−0.25
−0.50
−0.66
−1.81
−2.09
−1.95

±
±
±
±
±
±

0.03
0.12
0.09
0.47
0.24
0.02

a

Results are average values ± standard deviations of at least three
replicates. bBelow the limit of detection, 1 log(CFU/g).

After the experimental data had been ﬁtted with eq 1, an ∼6
log(N/N0) decrease in the microbial load could be achieved
after UV-A exposure for ∼70 min for E. coli K12. To achieve a
similar decrease in the microbial load, L. innocua L2 would
require ∼130 min (Figure 2 and Table 2). In another study
that used exposure of similar microorganisms (L. innocua
11288 and E. coli DH5-α) to pulsed light treatments, it was
shown that the E. coli was more susceptible than the L.
innocua.5 They also concluded that the mechanism of
microbial inactivation was diﬀerent due to the diﬀerences in
bacterial structure and cell wall composition between Grampositive and Gram-negative bacteria.6 Furthermore, it was
hypothesized that the microorganism’s natural environment
aﬀected their susceptibility to the treatment. Gram-positive
bacteria are commonly found on material surfaces that are
generally more exposed to solar UV radiation, whereas Gramnegative bacteria, particularly enteropathogens, are commonly
found in the digestive tract of animals and humans where there
is minimal solar UV radiation.26 According to our results, it is
believed that the use of UV-A light for cheese surface
decontamination could be used as an alternative food
preservation method. However, we would recommend further
studies with diﬀerent types of cheese and the use of other
foodborne pathogens.
Analysis of Intracellular Oxidative Stress and Membrane Damage. A signiﬁcant diﬀerence (P < 0.05) was found
between the UV-A treatments for the processed cheese
inoculated with E. coli K12 for both the intracellular oxidative
stress and membrane damage (Figure 3). Similarly, a
C
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Figure 2. Microbial inactivation kinetics of E. coli K12 and L. innocua L2 on processed cheese.

Table 2. Weibull Equation Parameters and R2 Values
microorganism

b

n

R2

E. coli K12
L. innocua

0.0025
0.0178

1.8363
1.1893

0.88
0.84

Figure 4. Analyses of antimicrobial mechanisms for processed cheese
inoculated with L. innocua L2.

ﬂuorescence values are very small when compared to those of
other studies that analyzed the intracellular oxidative stress.24
Other studies have noted that UV-A light induces mainly
sublethal eﬀects on the microorganisms, such as oxidative
stress, protein damage, delayed growth, and decreased energy
metabolism.27 Furthermore, studies have shown that E. coli is
typically more susceptible to UV-A irradiation due to the
presence of a particular thionucleoside found within its
tRNA.13,27 Our results are in accordance with these previous
studies indicating a greater susceptibility of E. coli to UV-A

Figure 3. Analyses of antimicrobial mechanisms for processed cheese
inoculated with E. coli K12.

signiﬁcant diﬀerence (P < 0.05) was found between the UV-A
treatments for the samples inoculated with L. innocua L2 for
both intracellular oxidative stress and membrane damage
(Figure 4). However, it was not as pronounced as that of E. coli
K12. Although a signiﬁcant eﬀect was found, the relative
D
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Figure 5. IR spectra of processed cheese after UV-A light exposure for 0 and 60 min.

Table 3. Color Parameters of the Processed Cheese after 0 and 60 Min of UV-A Exposure Timea

a

Treatments that share the same letter within the same column are not statistically diﬀerent (P < 0.05).

because UV light weakly penetrates opaque and dense
samples.33,34 One study measured the ratio between transmitted and incident UV-C light based on the thickness of
Fiordilatte cheese and noted that the maximum penetration
was ∼0.2 mm.9
Changes in Color. A signiﬁcant change (P < 0.05) in color
was shown after UV-A exposure between 0 and 60 min.
Signiﬁcant diﬀerences were found for the L*, a*, and b* values.
After UV-A exposure for 60 min, the L* and b* values were
lower while the a* value was higher, indicating an increase in
darkness, greenness, and yellowness. Using eq 2, the total
change in color, ΔE, was 4.27 ± 0.58 (Table 3). There have
been studies indicating that ΔE values of >3 can be discerned
with the visible eye, which may result in the product becoming
undesirable.35,36 However, there have been other studies that
have performed sensory analyses that used UV-C light on
cheese and other products in which the changes in color did
not aﬀect the overall sensory scores.9,34 Thus, a sensory
analysis would be recommended to determine whether the
changes in color and potential changes in texture and
mouthfeel aﬀect the desirability of the cheese.37

light. During the making of cheese, it undergoes a salting
process that has various functions, with one such function
controlling microbial growth and activity.28 Studies have also
found that the salt concentration of an environment can have
an inhibitory eﬀect on both E. coli and L. innocua.29,30 Thus, it
is hypothesized that the cause of microbial death is cell damage
caused by UV-A exposure, which further increases the
susceptibility of the salt present in the cheese. Further studies
are recommended to conﬁrm this mechanism or to identify an
alternative inactivation mechanism.
Surface Characterization by Attenuated Total Reﬂectance Fourier Transform Infrared Spectroscopy.
Figure 5 displays the IR spectra of processed cheese after
UV-A exposure for 0 and 60 min. The moisture content, H2O,
is determined between 3600 and 3000 cm−1. The lipid content
belonging to an ester carbonyl group, R(CO)OH or
R(CO)OR, can be found at 1765−1730 cm−1 with a C−H
stretch vibration at 2930−2850 cm−1. Fat-related bands were
also noted at 1477−1400 cm−1, representing a C−H bending,
and at 1170−1115 cm−1, which is a C−O stretching band.
Furthermore, a CO vibration band can be found at 1690−
1620 cm−1 as well as a N−H vibration band at 1570−1535
cm −1 , which indicates the presence of amides from
proteins.31,32 There was a decrease in the moisture content
after UV-A exposure for 60 min, which caused an apparent
increase in the concentration of lipids on the surface as seen at
bands 2930−2850 and 1765−1730 cm−1 (Figure 5). No other
noticeable changes were observed, indicating no major
deterioration occurred.31 These changes, however, are
expected to be mostly only on the surface of the cheese
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