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Enhanced Antimicrobial Activity Based
on a Synergistic Combination of
Sublethal Levels of Stresses Induced by
UV-A Light and Organic Acids

Erick F. de Oliveira,a,c Andrea Cossu,a Rohan V. Tikekar,b Nitin Nitina,d

Department of Food Science and Technology, University of California, Davis, Davis, California, USAa;
Department of Nutrition and Food Science, University of Maryland, College Park, Maryland, USAb; CAPES
Foundation, Ministry of Education of Brazil, Brasilia, Brazilc; Department of Biological and Agricultural
Engineering, University of California, Davis, Davis, California, USAd

ABSTRACT The reduction of microbial load in food and water systems is critical
for their safety and shelf life. Conventionally, physical processes such as heat or
light are used for the rapid inactivation of microbes, while natural compounds
such as lactic acid may be used as preservatives after the initial physical process.
This study demonstrates the enhanced and rapid inactivation of bacteria based
on a synergistic combination of sublethal levels of stresses induced by UV-A
light and two food-grade organic acids. A reduction of 4.7 � 0.5 log CFU/ml in
Escherichia coli O157:H7 was observed using a synergistic combination of UV-A
light, gallic acid (GA), and lactic acid (LA), while the individual treatments and
the combination of individual organic acids with UV-A light resulted in a reduc-
tion of less than 1 log CFU/ml. Enhanced inactivation of bacteria on the surfaces
of lettuce and spinach leaves was also observed based on the synergistic combi-
nation. Mechanistic investigations suggested that the treatment with a synergis-
tic combination of GA plus LA plus UV-A (GA�LA�UV-A) resulted in significant
increases in membrane permeability and intracellular thiol oxidation and affected
the metabolic machinery of E. coli. In addition, the antimicrobial activity of the
synergistic combination of GA�LA�UV-A was effective only against metaboli-
cally active E. coli O157:H7. In summary, this study illustrates the potential of si-
multaneously using a combination of sublethal concentrations of natural antimi-
crobials and a low level of physical stress in the form of UV-A light to inactivate
bacteria in water and food systems.

IMPORTANCE There is a critical unmet need to improve the microbial safety of the
food supply, while retaining optimal nutritional and sensory properties of food. Fur-
thermore, there is a need to develop novel technologies that can reduce the impact
of food processing operations on energy and water resources. Conventionally, physi-
cal processes such as heat and light are used for inactivating microbes in food prod-
ucts, but these processes often significantly reduce the sensory and nutritional prop-
erties of food and are highly energy intensive. This study demonstrates that the
combination of two natural food-grade antimicrobial agents with a sublethal
level of physical stress in the form of UV-A light can greatly increase microbial
load inactivation. In addition, this report elucidates the potential mechanisms for
this synergistic interaction among physical and chemical stresses. Overall, these
results provide a novel approach to develop antimicrobial solutions for food and
water systems.

KEYWORDS food-grade antimicrobial, gallic acid, lactic acid, microbial inactivation,
sublethal stress, UV-A light, synergism
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The reduction of microbial contamination is critical for the safety and quality of food
and water systems. The most commonly used methods to reduce microbial load

can be broadly divided into physical and chemical approaches. Physical approaches,
such as nonionizing light irradiation, pulsed electric field, heat, and high pressure, are
widely used to control the microbial load in food systems where diverse stresses
induced by these methods cause rapid inactivation of microbes (1–3). However, some
of these methods can have significant negative effects on the sensory and nutritional
properties of food (4, 5). Chemical agents, such as chlorine, peptides, and organic acids,
are also used for the preservation of food and water systems, as well as for sanitation
(6–8). One of the key advantages of chemical antimicrobials, in contrast to physical
methods, is the reduced impact on the quality of the final food product (9). However,
chemical agents are often less efficient than physical methods (e.g., heat and pressure)
in achieving microbial reduction. This limitation is, in part, due to regulatory limits on
the allowable concentrations of these chemical agents in food and water systems and
to the dependence of their biological activity on factors such as pH and temperature
(10, 11). Consequently, extended exposure times are often required to achieve an
effective microbial load reduction using chemical agents. To overcome these limita-
tions, traditionally some chemical agents have been used following an initial physical
treatment, mainly with the aims of extending the shelf life of food and preserving food
and water systems (10, 12).

Diverse classes of antimicrobial compounds, such as salts, acids, oxides, and antibi-
otics, can be used as chemical agents in food and water systems (10, 13, 14). Among
a large variety of chemical compounds, food-grade natural antimicrobials are a highly
attractive class of compounds with potential for food applications (15, 16). The major
advantages of using food-grade antimicrobials include an adherence to the existing
regulatory requirements, an increased consumer acceptance, and a lower probability of
developing antimicrobial resistance against these food-grade chemicals than with
standard antibiotics (7, 15, 17). Despite their significant potential, many of these
food-grade compounds have limited efficacies compared with those of conventional
antimicrobials, such as antibiotics, chlorine, and nitrates (18). Therefore, synergistic
combinations of food-grade compounds and low levels of physical stresses have been
suggested as promising methodologies to enhance antimicrobial activity in many
applications (16).

There has been an increasing interest in evaluating the synergistic action of various
combinations of chemical agents or combinations of chemical agents and physical
stresses (19–24). The motivating factor is to reduce the impact of physical stresses on
the quality of food while also reducing the use of chemical agents. This research
direction is based on an improved understanding of the mechanisms involved in
microbial inactivation. Thus, complementary sites of action are targeted for enhanced
microbial inactivation using a combination of chemical and physical agents. In a recent
study, we evaluated the potential of combining the activity of a food-grade chemical
compound, gallic acid (GA), and a sublethal level of physical stress in the form of UV-A
light to increase the reduction of bacterial cells in simulated wash water (25). The
results of that study illustrated the advantage of combining physical stresses and
chemical agents to achieve an up to 6-log CFU/ml reduction in bacterial load in 30 min.
In addition, a few other studies have also reported synergistic activity of organic acids,
including GA, with light for the inactivation of bacteria, but there is still a limited
understanding of the biological impacts of these treatments on cells and the synergy
between physical stress and chemical agents (22, 26, 27). Furthermore, other studies
have evaluated the synergy among chemical agents, such as a combination of lactic
acid (LA) with other natural antimicrobials (28–30). The overall motivations for these
studies are to enhance the antimicrobial activity and reduce the concentrations of
individual antimicrobial agents.

In this study, we evaluated a synergistic combination of sublethal concentrations of
two food-grade organic acids—GA and LA—with sublethal levels of UV-A light to
enhance bacterial inactivation. This study also evaluated the potential mechanisms for
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the synergistic antimicrobial interactions between chemical and physical stresses. The
choice of sublethal levels of physical stress and chemical agents is ideal for potential
applications in food, as these levels of physical stress and concentrations of chemical
agents are expected to present a limited impact on the nutritional quality and sensory
properties of food (31). To assess the biological damage induced by the physical stress
of UV-A light, the selected chemical agents, and their synergistic combination, we
measured the changes in permeability of the cellular membrane, the metabolic activity
of cells, and the oxidation of intracellular thiol content. To investigate the potential
mechanism of action, the synergistic interaction between GA plus LA plus UV-A
(GA�LA�UV-A) light and Escherichia coli O157:H7 was evaluated under different
physical and chemical treatments, including the incubation of bacteria at a low
temperature and the addition of sodium azide to suppress the metabolic activity of
cells. Lastly, the applicability of this approach to inactivate E. coli O157:H7 on produce
surfaces was assessed. Overall, this study illustrates the synergistic activities of food-
grade compounds in the presence of light to inactivate target bacteria in aqueous
environments and on surfaces of fresh produce.

RESULTS
UV-A light-mediated antimicrobial activity. The results of the inactivation of E.

coli cells treated with GA, LA, or GA�LA and exposed to UV-A light are shown in Fig.
1a. After 30 min of UV-A light exposure, the cells incubated with 1 mM GA plus 5 mM
LA showed a 4.7 � 0.5-log CFU/ml reduction in the bacterial plate count in contrast to
reductions of 1 � 0.3 and 1.3 � 0.2 log CFU/ml in bacterial plate counts for samples

FIG 1 Inactivation of E. coli O157:H7 treated with gallic acid (GA), lactic acid (LA), or GA�LA and exposed
(a) or not exposed (b) to UV-A light as measured using the standard plate counting method. Control
includes E. coli cells suspended in sterile water without GA and LA. The limit of detection of the plate
counting method was 1 log CFU/ml.
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separately incubated with 1 mM GA and 5 mM LA, respectively. UV-A light by itself did
not cause inactivation of E. coli. In the absence of UV-A light exposure (Fig. 1b), cells
incubated with GA, LA, or GA�LA showed no significant reduction in the bacterial
count (�1 log CFU/ml). Therefore, it can be inferred that a combination of these two
sublethal level stresses (i.e., UV-A light exposure and GA�LA treatment) generated a
synergistic antimicrobial activity which resulted in a lower bacterial plate count than
that produced by individual treatments (gallic or lactic acid) with and without UV-A
light.

To further characterize the UV-A-enhanced antimicrobial activity of GA�LA, its
efficacy for the inactivation of E. coli was evaluated at different initial bacterial loads,
namely, at 4 log, 6 log, and 8 log CFU/ml. Figure 2 shows a more effective bacterial
inactivation at higher initial bacterial concentrations. After 30 min of UV-A light
radiation, a maximum of 5- to 6-log CFU/ml microbial reduction was observed from an
initial bacterial load of 8 log CFU/ml, while a 4- to 5-log CFU/ml reduction was achieved
from an initial concentration of 6 log CFU/ml. In the case of bacterial samples with an
initial load of 4 log CFU/ml, a reduction of between 1.6 and 2.8 log CFU/ml of bacteria
was observed after 30 min of UV-A treatment (detection limit, 1 log CFU/ml). In
addition, there was no significant difference (P � 0.05) in the numbers of residual
bacterial cells among the samples with different initial loads of bacteria after 30 min of
treatment. This suggests that the UV-A-enhanced antimicrobial activity of GA�LA is not
limited by the initial amount of bacteria, and a more than 4-log CFU/ml bacterial
reduction can be achieved for higher initial bacterial concentrations (6 or 8 log CFU/ml).

The influence of temperature on the UV-A-mediated antimicrobial activity of GA�LA
was also evaluated. Figure 3a shows the inactivation of E. coli cells treated with 1 mM
GA plus 5 mM LA and exposed to UV-A light at 4°C and 25°C. After 30 min, a microbial
inactivation of 4.7 � 0.5 log CFU/ml was achieved at 25°C, while at 4°C, there was no
significant bacterial inactivation compared with that of the control (P � 0.05). The
metabolic activities of E. coli at 4°C and 25°C were measured using the resazurin assay
(see Fig. S1 in the supplemental material). The results in Fig. S1 show that the metabolic
activity of E. coli cells was significantly suppressed at 4°C compared with that at 25°C.
Together, these results indicate that metabolic changes experienced by E. coli cells
incubated at 4°C made them resistant to the antimicrobial activity of GA�LA in the
presence of UV-A light.

To further investigate the influence of cellular metabolic activity on the UV-A-
mediated antimicrobial activity of GA�LA, E. coli cells were pretreated with sodium
azide prior to GA�LA treatment under UV-A exposure. Sodium azide is a known
bacteriostatic compound that inhibits the oxidation of cytochrome c, affecting cellular

FIG 2 Influence of various initial bacterial concentrations on inactivation of E. coli O157:H7 cells upon
treatment with the combination of 1 mM gallic acid (GA), 5 mM lactic acid (LA), and UV-A light. The initial
bacterial concentration levels evaluated in this measurement were 8 log (�), 6 log (Œ), and 4 log (�)
CFU · ml�1. The final microbial counts after 30 min of treatment for the various initial levels of bacterial
concentration were not statistically significant (P � 0.05).
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respiration and leading to an overall reduction in the metabolic activity (32, 33). As
shown in Fig. 3b, pretreatment with sodium azide followed by GA�LA treatment in the
presence of UV-A light resulted in an only 1-log CFU/ml reduction in bacterial load. This
is in contrast to a 4.7-log CFU/ml reduction in bacterial load that was achieved without
sodium azide pretreatment. The combined results shown in Fig. 3 suggest that an
active intracellular metabolism is required for GA and LA to act as antimicrobials in the
presence of UV-A light.

Metabolic intracellular resazurin reduction. After E. coli cells were treated with
GA, LA, and GA�LA in the absence or presence of UV-A light, the cells were incubated
with resazurin to measure their metabolic activity. The changes in metabolic activity of
treated cells with respect to the controls was assessed based on the reduction of
resazurin to its fluorescent form, resorufin (Fig. 4). The fluorescence signal intensity
increases with the reduction of resazurin to resorufin, while further reduction of
resorufin to a colorless compound, hydroresorufin, decreases the fluorescence intensity.
In this study, the times required to achieve maximum fluorescence intensity were
compared among the different treatments to evaluate the influence of these treat-
ments on the metabolic activity of bacterial cells. In the absence of light, control cells
achieved maximum signal intensity in approximately 4.6 h, while the cells previously
treated with organic acids (GA, LA, and GA�LA) needed between 5 and 5.5 h to reach
maximum intensity. A considerably longer delay in the reduction of resazurin was
observed for cells treated with a combination of organic acids and UV-A light. For these
cells previously treated with GA, LA, and GA�LA in the presence of UV-A light, the
maximum fluorescence intensities were observed only after 6.0, 7.4, and 9.1 h, respec-
tively. The longest delay in resazurin reduction was observed when LA, GA, and UV-A
light were combined, suggesting that bacterial damages caused by this treatment
dramatically impair the bacterial metabolic activity.

FIG 3 (a) Impact of incubation temperature conditions (4°C and 25°C) on inactivation of E. coli O157:H7
upon treatment with the combination of 1 mM gallic acid (GA), 5 mM lactic acid (LA), and UV-A light. (b)
Influence of sodium azide pretreatment (0.5% level) on inactivation of E. coli O157:H7 treated with the
combination of GA, LA, and UV-A light. The controls included cells not pretreated with sodium azide.
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A possible limitation of this assay is the strong dependence of the rate of resazurin
reduction on the initial number of bacterial cells. Based on the results shown in Fig. 1,
it is anticipated that 15 min of UV-A exposure in the presence of GA�LA would reduce
the initial bacterial load and thus contribute to the observed delay in achieving
maximum fluorescence intensity. To address the influence of the initial bacterial load
on the time required to achieve maximum fluorescence intensity, resazurin was incu-
bated with various levels of bacterial loads, ranging from 2 log CFU/ml to 6 log CFU/ml
(see Fig. S2). It was observed that the delay in reaching maximum intensity caused by
the combined treatment of organic acids and UV-A (Fig. 4b) could not be completely
described by the reduction in the initial number of bacterial cells. For example, a
reduction in bacterial count from 6 to 4.4 log CFU/ml without the treatment increased
the time to reach maximum fluorescence intensity by 2.2 h, while the synergistic
treatment for the same reduction in bacterial count increased the time to reach
maximum fluorescence intensity by 4.5 h. The same trend was observed for GA- and
LA-treated cells under UV-A light, where the times required for reaching maximum
fluorescence intensity increased by 1.4 and 2.8 h, respectively, compared with that of
the control. Thus, it can be inferred that the observed changes in metabolic activity are
due to a combination of the influence of organic acids and UV-A treatment on the
metabolic activity of cells in addition to a reduction in bacterial count.

Cell permeability. The increase in permeation of SYTOX orange (SO) into E. coli cells
was evaluated to monitor the changes in cell membrane permeability as a function of
GA/LA treatment and UV-A light exposure (Fig. 5). The permeation of SO in control and

FIG 4 Metabolic activities of E. coli O157:H7 cells upon incubation with gallic acid (GA), lactic acid (LA),
and GA�LA with (a) and without (b) UV-A light exposure. The time required to achieve maximum
fluorescence intensity indicates the relative level of metabolic activity of bacterial cells under different
incubation conditions. Controls include E. coli cells exposed and not exposed to UV-A light without
treatment with GA and LA.
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various treatment sets was normalized with respect to the fluorescence signal observed
for mechanically lysed cells, which represent the maximum SO permeation (100%). The
results show a low level of SO dye permeation in the control cells without any
treatment (10%). Exposure of control cells to UV-A did not significantly (P � 0.05)
increase the permeability of cells to the SO dye. Organic acid treatment without UV-A
irradiation increased SO permeation to approximately 30% of the maximum level,
regardless of the acid used (i.e., GA and/or LA). Upon exposure to UV-A light, further
changes in cell permeability were dependent on the type of organic acid or their
combination. GA in combination with UV-A light did not significantly increase (P �

0.05) permeability compared with that of GA treatment without UV-A light. By contrast,
when LA was present, either by itself or in combination with GA, the permeability
increased significantly (P � 0.05) to more than 50% of the maximum level. Thus,
interactions of LA with UV-A light increased the extent of membrane damage.

Intracellular thiol content. Intracellular thiol is a comprehensive biomarker that
indicates the redox balance in cells and is often affected by oxidative stress. Changes
in the total intracellular thiol content of E. coli cells treated with GA/LA and exposed or
not exposed to UV-A light were characterized, and the results are represented in Fig. 6.
Control cells not exposed to any stress (i.e., light or acid) had the highest level of total
thiol content—approximately 80 �M— compared with that of treated cells. Once cells
were exposed to UV-A light alone for 30 min, some oxidative stress was generated,
thereby reducing the intracellular thiol content. A similar behavior was observed when
the E. coli cells were treated—without exposure to UV-A light—with GA, LA, or GA�LA,
where the total thiol content was reduced compared with that of the control (the total
thiol content ranged between 50 and 60 �M). In addition, when E. coli cells were
treated with GA or LA in the presence of UV-A light, no significant increase in thiol
oxidation was observed (P � 0.05). In fact, the individual effect of UV-A light, GA, LA,
or GA�LA or the combined effect of GA�UV-A light or LA�UV-A light presented the
same outcome (P � 0.05) on the oxidation of intracellular thiols compared with that of
the control bacteria. On the other hand, the only treatment that showed a significantly
increased reduction of thiol content (P � 0.05) was GA�LA under UV-A light, high-
lighting the synergistic interaction between them. The investigated synergistic antimi-
crobial activity seems to be correlated with a decrease in intracellular thiol content,
suggesting that the highest level of microbial inactivation observed in Fig. 1 may be
due to a stronger oxidative stress induced by the combination of GA�LA�UV-A light.

FIG 5 Permeation of SYTOX orange into E. coli O157:H7 cells treated with gallic acid (GA), lactic acid (LA),
and GA�LA with (L�) and without (L�) exposure to UV-A light. To assess the relative increase in cell
permeability, the results were normalized with respect to the mechanically lysed cells, representing 100%
permeation of the dye. Control consists of E. coli cells suspended in sterile water. The results marked with
different lowercase letters were statistically significant (P � 0.05).
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Inactivation of E. coli O157:H7 on produce surfaces. The results of the inactiva-
tion of E. coli O157:H7 inoculated on lettuce and spinach surfaces and exposed to UV-A
light are shown in Fig. 7. As expected, there was no reduction in bacterial count for E.
coli cells spotted on model produce surfaces and treated with UV-A light in the absence
of GA and LA. On the other hand, the presence of GA�LA during UV-A light exposure
led to a reduction in bacterial count from 4.0 � 0.1 log CFU/leaf to 2.2 � 0.2 log
CFU/leaf on spinach surfaces and from 4.0 � 0.1 log CFU/leaf to 1.1 � 0.3 log CFU/leaf
on lettuce surfaces. These results are in agreement with the observations reported in
Fig. 2, where UV-A light irradiation with GA�LA was able to reduce bacterial counts in
solution from 4 log CFU/ml to levels between 1.2 and 2.4 CFU/ml. These results suggest
that the synergistic antimicrobial activity among GA, LA, and UV-A light was effective
in reducing levels of inoculated bacteria on fresh produce surfaces.

DISCUSSION
UV-A light-mediated bacterial damage. UV light irradiation has been used exten-

sively as a process technology for reducing microbial load. Although the biological
effects of UV-B and UV-C irradiation on bacterial cells are well known, UV-A irradiation
effects are not yet fully understood (34, 35). It has been suggested that exposure to a
high UV-A fluence rate (100 to 2,000 kJ · m�2) reduces the activities of several key
enzymes, such as catalase, ATPase, and glutathione reductase, as well as causes an
increase in membrane depolarization and permeabilization (36).

FIG 6 Changes in the total intracellular thiol content of E. coli O157:H7 cells upon treatment with gallic
acid (GA), lactic acid (LA), and GA�LA with (L�) and without (L�) exposure to UV-A light. Control
consists of E. coli cells suspended in sterile water. The results marked with different lowercase letters were
statistically significant (P � 0.05).

FIG 7 Inactivation of E. coli O157:H7 inoculated on the surfaces of spinach and lettuce leaves treated with
1 mM gallic acid (GA) plus 5 mM lactic acid (LA) and exposed to UV-A light. Control consists of E. coli cells
treated with sterile water without GA and LA and exposed to UV-A light. The initial concentration of
inoculated bacteria was 4 log CFU/leaf. The limit of detection of the plate counting method was 1 log
CFU/leaf.
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In this study, 30 min of UV-A exposure corresponds to a fluence rate of approxi-
mately 57 kJ · m�2. Under this condition, there was no change in membrane perme-
ability, as indicated by SO permeation (Fig. 5). Prior studies suggest that UV-A irradia-
tion can cause membrane permeabilization, but only at a high fluence rate (�1,000
kJ · m�2) (37, 38). By contrast, a significant change in the intracellular thiol content (an
approximately 25% decrease in the initial thiol content) was observed for E. coli cells
exposed to UV-A light. This reduction in the thiol content level corresponds to the
UVA-induced sublethal oxidative stress that may reduce the total thiol content from
biomolecules such as proteins and glutathiones (36, 39). On the basis of the results of
the resazurin assay, a small increase in the time to achieve maximum fluorescence
intensity was observed compared with that in the controls. This increase in time
indicates reduced cellular metabolic activity. Together with the observed reduction in
thiol content, the results from the resazurin assay indicate that some key metabolic
components are affected during UV-A light exposure. This observation is supported by
the literature (36, 40). The results from one of these studies have suggested that the
respiratory chain may be the cell’s Achilles heel during UV-A inactivation (36). It was
observed that UV-A exposure led to a reduction in the activity of several key
respiratory-chain enzymes, including NADH oxidase, which is directly correlated with
resazurin metabolism (41). In addition, a significant inhibition of the activities of these
enzymes is reported with fluence rates as low as 50 kJ · m�2 (36), which corresponds
to the fluence rate experienced by the E. coli cells in this study. It is important to note
that the culturability of the UV-A-treated E. coli cells was not affected, meaning that the
damages caused by the UV-A light itself were sufficiently low enough for the cells to
recover from it during plating. In fact, significant changes in culturability (�1 log
CFU/ml) have been reported only for fluence rates higher than 500 kJ · m�2 (37, 42).

GA/LA-mediated bacterial damage without UV-A light. Similar to UV-A light
irradiation alone, the individual effect of GA, LA, or GA and LA combined did not
present strong antimicrobial activity, where less than 1 log CFU/ml of bacteria was
inactivated. The limited antimicrobial activity of these organic acids is likely due to the
short exposure time, up to 30 min, and the low concentrations of GA and LA, 1 mM and
5 mM, respectively. In fact, most studies reporting GA and LA as antimicrobial agents
are based on a longer incubation time (1 to 24 h) and/or usually at higher concentration
levels (30 to 300 mM) (27, 43–46).

Despite the low levels of antimicrobial activity, the selected organic acids or their
combination caused significant biological damages. One of the observed damages was
an increase in membrane permeability. Bacterial cells exposed to GA, LA, or GA and LA
combined experienced 3 times more SO permeation than the control cells. In general,
organic acids are reported to increase permeabilization of bacterial cells (20, 21, 43, 47).
A recent study showed that the treatment of E. coli with acetic acid, lactic acid, and
citric acid led to a higher level of nucleic acid staining, where fluorescent dyes similar
to SO were used (20). Lactic acid has also been reported to cause damage to the cellular
membrane of E. coli, which in turn may contribute to an increase in permeabilization
(43).

In addition to affecting membrane permeabilization, GA, LA, and GA�LA treatments
led to a decrease in the intracellular thiol content. In fact, treatment with these organic
acids lowered the intracellular thiol content to levels similar to that with UV-A light
itself. The most likely reason for the decrease in intracellular thiol content is the
oxidation of free thiols to disulfides. Organic acids, such as GA and LA, can dissociate
upon entering the cell, thereby lowering the cytoplasmic pH and disturbing the
intracellular redox balance (48). When the intracellular pH is lowered, complex stress
response systems are induced. These stress responses can change the metabolic
activity of cells to reduce the impact of oxidative stress (49). One of the primary defense
systems in cells against oxidative stress, including acid stress, involves low-molecular-
mass thiols such as glutathiones and cysteines. These thiol molecules often react faster
with the oxidizing agents, getting reversibly oxidized and, consequently, lowering the
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total intracellular thiol content (39, 50). The results from the resazurin metabolic activity
assay suggest that, similar to that with the UV-A treatment, the metabolic activity of
bacterial cells is reduced upon treatment with GA, LA, and GA�LA. These results are
supported by those from prior studies that indicate changes in intracellular redox
activity as well as the depletion of ATP levels in some Gram-negative bacteria strains
upon exposure to organic acids (48, 51).

Synergistic combination of UV-A light with GA and LA. Individual treatments of
GA or LA with UV-A light showed limited microbial reduction (�1.5 log CFU/ml), while
the combination treatment of both acids with UV-A light led to a significantly higher
microbial reduction (4.7 log CFU/ml). In addition, the intensities of biochemical dam-
ages (thiol oxidation and metabolic activity) in bacteria increased upon exposure to
GA�LA with UV-A light compared with that from individual treatments of GA or LA
with UV-A.

Some studies have reported that certain organic acids in combination with light
exposure can increase microbial inactivation (25, 26, 52–54). Most of these studies were
performed using a blue light-emitting diode (LED) light (380 to 420 nm) in contrast to
the UV-A light (320 to 400 nm) used in this report. GA was able to reduce E. coli
populations by 5 log CFU/ml when exposed to blue LED light for 10 min (26). Citric acid,
caffeic acid, and chlorogenic acid have also been reported to inactivate 5 log CFU/ml
of E. coli cells after 10- to 20-min light exposure (52, 53). In addition, other microbes,
such as Staphylococcus aureus and Listeria monocytogenes, were also susceptible to the
combined exposure of LED light and GA (52, 53). However, it is important to highlight
that the light source used in these previous studies presented higher light intensities
(between 80 and 260 mW · cm�2) than the light source used in this report (3.2 mW ·
cm�2). Consequently, the total light fluence experienced by the GA and the microbes
in those prior studies was also considerably higher (between 720 and 1,560 kJ · m�2).
Our research group has previously reported the antimicrobial activity of UV-A and GA
exposure, showing that 5-log CFU/ml inactivation of E. coli can be achieved with a
combination of 10 mM GA and a low light fluence of approximately 25 kJ · m�2 (25).
In this report, a 4- to 5-log CFU/ml reduction in microbial load was achieved by the
sublethal concentrations of GA�LA after exposure to a light fluence of 57.6 kJ · m�2.
Therefore, the combination of GA and UV-A light, instead of blue LED light, presented
considerable improvement in microbial inactivation efficiency.

The mechanism of action for the antimicrobial activity of organic acids under light
radiation is still not well understood. Previous studies suggested that the generation of
reactive oxygen species (ROS) was the main mechanism for the antimicrobial activity of
LED-excited GA (26, 52). It was reported that GA could generate hydroxyl radicals (·OH)
and hydrogen peroxide (H2O2) upon light exposure, which in turn could cause lipid
peroxidation on the cellular membrane (26). In contrast to these previous studies, the
experimental evidence in this study indicates that ROS generation may not be the only
mechanism for the enhanced activity of GA�LA in the presence of UV-A light. Based on
the experimental measurements from this study, the results illustrated that antimicro-
bial activity was strongly influenced by the metabolic state of bacterial cells (i.e., the
lack of antimicrobial response at 4°C and also in the presence of sodium azide). The
results of this study also indicate that antimicrobial efficacy was not influenced by
the initial bacterial concentration. Together, these observations suggest that the met-
abolic state of the cell has a significant impact on the antimicrobial activity of GA�LA
in the presence of UV-A light and that the classical ROS activity may not be the leading
mechanism for microbial inactivation.

The intracellular metabolism of microbes, such as Gram-negative bacteria, is very
complex. There are several possible explanations for the increase in UV-A-mediated
antimicrobial activity when GA and LA are combined. One possibility could be that each
component has a different intracellular target. For instance, LA can increase the
permeability of cell membrane as well as reduce the intracellular pH. On the other
hand, GA could be interacting with specific enzymes, such as glutathione S-transferase
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and glutathione reductase, considerably reducing their activity as previously suggested
(55). Furthermore, UV-A light treatment can reduce the activity of respiration-chain
enzymes (36). Another possibility is that LA or GA could be metabolized by the bacterial
cells and their metabolites could play an important role on microbial inactivation. For
example, GA and LA can both be metabolized by some Gram-negative bacteria to form
pyruvic acid and further metabolized to form acetic acid, which in turn has been linked
with reducing ATP levels in Gram-negative bacteria (51, 56). It is also possible that the
cumulative stress induced by UV-A and the combination of organic acids is lethal to
cells based on their broad impacts on metabolic activity, ATP depletion, and the
oxidation of intracellular thiols.

The findings in this work highlight that the combination of two different organic
acids (GA�LA) can act synergistically under UV-A light, causing intracellular damages
(i.e., membrane permeabilization and thiol oxidation) and leading to microbial inacti-
vation. In addition, synergistic antimicrobial activity was observed at sublethal organic
acids concentrations and low light fluence compared with those previously reported
(25, 26, 54). This work also helps to advance the mechanistic understanding of light-
mediated bacterial inactivation, where the metabolic state of cells is a key factor
influencing bacterial inactivation. Although, more detailed molecular analysis using
discovery tools, such as proteomic and metabolomic analyses, are needed to com-
pletely understand the antimicrobial mechanisms of organic acids under UV-A light.
Lastly, the reported ability to inactivate bacteria on the surfaces of lettuce and spinach
leaves demonstrates that this antimicrobial approach can be translated to food appli-
cations. Further studies are needed to determine the optimal process conditions,
including light intensity and concentrations of selected sanitizers, to reduce the time
required for inactivation of bacteria on diverse food substrates.

MATERIALS AND METHODS
Reagents. Gallic acid (GA), lactic acid (LA), reduced L-glutathione (GSH), sodium chloride (NaCl),

hydrochloric acid (HCl), resazurin sodium salt, sodium azide (NaN3), sodium dodecyl sulfate (SDS), EDTA,
Triton X-100, and carbonate/bicarbonate buffer were obtained from Sigma-Aldrich (St. Louis, MO, USA).
SYTOX orange (SO), a dye that stains nucleic acids, was purchased from Molecular Probes (Eugene, OR,
USA). Zirconia-silica beads (500-�m diameter) were acquired from Biospec Products (Bartlesville, OK,
USA). Lysogeny broth (LB), tryptic soy broth (TSB), tryptic soy agar (TSA), phosphate-buffered saline (PBS),
Tris-hydrochloride ([Tris-HCl] 1 M), and 5,5-dithiobis-(2-nitrobenzoic acid) ([DTNB] Ellman’s reagent) were
purchased from Fisher BioReagents (Pittsburgh, PA, USA). Ultrapure water was obtained using a Milli-Q
filtration system (EMD Millipore, Billerica, MA, USA).

Microbial culture. Escherichia coli O157:H7 (ATCC 700728; Manassas, VA, USA) was provided by Linda
Harris from the Department of Food Science and Technology at the University of California, Davis. This
strain is depleted of Shiga toxin-like genes and has been modified with a rifampin resistance plasmid.
Bacteria were grown overnight in LB containing rifampin (50 �g · ml�1) at 37°C with shaking at 150 rpm
until an absorbance of 1.5 units, reflecting a stationary phase, was reached (approximately 7 � 108 CFU ·
ml�1).

Fresh bacterial suspensions were prepared before each experiment and centrifuged at 10,000 � g for
10 min, and bacterial pellets were washed before being resuspended in sterile water to a final
concentration of 2.0 � 104, 2.0 � 106, or 2.0 � 108 CFU · ml�1.

UV-A light-mediated antimicrobial activity. The antimicrobial activities of GA, LA, and a combi-
nation of GA�LA were evaluated in the presence and absence of UV-A light. Samples containing 106

CFU · ml�1 bacteria were prepared by mixing one milliliter of the organic acids solution with one milliliter
of the E. coli suspension to achieve a final concentration of 1 mM GA, 5 mM LA, or 1 mM GA plus 5 mM
LA. Experiments with the addition of sterile water instead of GA or LA were also carried out as a control.
To evaluate the influence of the initial bacterial load during the UV-A light-mediated inactivation of
bacteria, experiments were also conducted using 104 and 108 CFU · ml�1 bacteria. The effect of
pretreatment with NaN3 was also assessed. A bacterial suspension (2.0 � 106 CFU · ml�1) was treated
with 0.5% (wt/vol) NaN3 for 1 h at room temperature. One milliliter of the NaN3-pretreated bacterial
suspension was centrifuged (16,000 � g for 2 min) and the cells were resuspended in 2 ml of a 1 mM
GA plus 5 mM LA solution and treated with UV-A light.

UV-A light exposures of the samples were performed using a benchtop UV-A chamber with four UV-A
lamps (320 to 400 nm, 18 W; Actinic BL, Philips, Holland) on the underside of the lid of a closed plastic
box (Suncast Corporation, Batavia, IL, USA) as previously reported (57). Two milliliters of each sample was
poured in individual wells of a sterile 12-well flat-bottom polystyrene plate. The plate was placed at a
distance of 8 cm from the UV-A lamps at the center of the chamber. The average light intensity of the
UV-A light was 3.2 � 0.2 mW · cm�2. Aliquots were withdrawn after 0, 15, and 30 min of exposure, were
serially diluted in sterile PBS, and were spread on TSA plates containing 50 �g · ml�1 rifampin. The plates
were incubated for up to 48 h at 37°C before bacteria were counted by the standard plate counting
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method. E. coli populations were determined and expressed as CFU log counts. Antimicrobial experi-
ments in the absence of UV-A light were also performed.

The UV-A-mediated antimicrobial activity of GA�LA was also evaluated at 4°C. For this experiment,
the UV-A light system described above was set up in a cold room (4°C), where all solutions, including the
bacterial suspensions, were preincubated for at least 1 h before sample preparation and UV-A light
exposure. The bacterial samples were prepared and treated as described above.

Fluorescence assay of metabolic resazurin reduction. Metabolic activities of E. coli O157:H7 cells
treated with GA, LA, and GA�LA with and without exposure to UV-A light were assessed by monitoring
the reduction of resazurin to its fluorescent form, resorufin, by metabolically active cells (41). Bacterial
cells (106 CFU · ml�1) were incubated with GA, LA, or GA�LA following exposure to UV-A light for 15 min,
as described in the previous section. After treatment, 1 ml of each sample was transferred into a 1.5-ml
sterile tube and centrifuged (16,000 � g for 2 min). The supernatants were discarded and the recovered
bacterial cells were resuspended in 1 ml of TSB containing 50 �M resazurin and transferred to individual
wells of a 24-well transparent flat-bottom polystyrene plate. The plate was incubated at 37°C for 16 h,
and resazurin reduction was monitored with a fluorescence plate reader (Tecan SpectraFluor Plus) using
a 530-nm excitation filter and a 580-nm emission filter. Control measurements with untreated cells were
also carried out using the same set of experimental conditions.

Cell permeability assessment. Changes in the cell permeability after exposure to GA, LA, and
GA�LA in the presence or absence of UV-A light were monitored using the SO dye, a cell-impermeable
dye that can permeate only membrane-compromised cells (58). SYTOX orange has weak fluorescence in
its native form, but intense fluorescence is observed when it binds to nucleic acids. The samples
containing 108 CFU · ml�1 cells were prepared and treated as described previously. After 30 min of
treatment (exposure or no exposure to UV-A light), 1 ml of each sample was transferred into a 1.5-ml
sterile tube and centrifuged (16,000 � g for 2 min). The supernatants were discarded and the pellets were
resuspended in 1 ml of sterile PBS. After complete resuspension of the pellet, 1 �l of a 5 mM stock
solution of SO was added to each sample (final concentration, 5 �M), and the samples were gently
vortexed and incubated at room temperature for 15 min. An aliquot of 150 �l of each sample was placed
in a 96-well flat-bottom black polystyrene plate and fluorescence signals were recorded with a fluores-
cence plate reader (Tecan SpectraFluor Plus) using a 530-nm excitation filter and a 580-nm emission filter.
The results were normalized with respect to the positive-control sample. The positive-control sample was
prepared by mechanical lysis of the bacterial cells using zirconia-silica beads to mimic extensive
membrane damage. To prepare the positive-control sample, one milliliter of the E. coli suspension was
diluted with one milliliter of PBS, and the diluted bacterial suspension was vortexed in the presence of
zirconia-silica beads at high speed for 10 min. After lysing, SO was added to the bacterial solution and
incubated for 15 min, and the fluorescence intensity was recorded. The fluorescence intensity value of
SO for the lysed cells simulated the maximum permeability, and the cell permeability data for each
sample were expressed as a percentage relative to the positive control.

Intracellular bacterial thiol content quantification. Results of the reduction in intracellular thiol
contents of E. coli cells treated with GA and/or LA with and without exposure to UV-A light were
evaluated. The intracellular thiol-containing compounds were extracted by lysing the bacterial cells
through bead beating. First, 10 ml of each sample containing 108 CFU · ml�1 cells was treated in the
presence or absence of UV-A light, as previously described, for 30 min. The 10-ml volume was placed in
a 6-well flat-bottom polystyrene plate. After the treatment, samples were centrifuged (10,000 � g for 10
min) and the bacterial pellets were resuspended in 500 �l of a sterile lysis buffer (50 mM Tris-HCl,
25 mM NaCl, 25 mM EDTA, 2% SDS, and 1% Triton X-100) and transferred into a sterile 1.5-ml tube
containing 400 �l of zirconia-silica beads. The bacterial suspensions were vortexed for 10 min and
then centrifuged (16,000 � g for 10 min) before the supernatants to be used for the total thiol content
measurements were recovered. The total thiol content was quantified using the well-established Ellman’s
assay with some modifications (59). Briefly, 25 �l of the obtained lysates was added to 100 �l of 0.05 M
carbonate/bicarbonate buffer (pH 9.6) and 10 �l of 3 mM DTNB (Ellman’s reagent) in the wells of a
96-well transparent flat-bottom polystyrene plate. The plate was incubated at room temperature in the
dark for 30 min and the absorbance at 412 nm was measured using a plate reader (Spectramax 340). The
total thiol content (�M) was determined using a standard curve based on known concentration levels of
reduced glutathione (GSH).

Inactivation of E. coli O157:H7 on produce surfaces. Fresh romaine lettuce hearts (Lactuca sativa
var. longifolia) and fresh baby spinach leaves (Spinacia oleracea) were purchased from a local retailer and
stored at 4°C until use. The lettuce and spinach leaves were rinsed with sterile water and then cut in disks
with diameters of 2 cm. Ten microliters of a suspension of 106 CFU · ml�1 E. coli O157:H7 was spotted
on the center of the leaf disks (104 CFU/leaf) and incubated at room temperature for 10 min. One
hundred microliters of a solution containing 1 mM GA and 5 mM LA was added to the inoculated leaf
surfaces. The disks were then transferred to the light chamber and exposed to UV-A light for 30 min as
previously described. After light exposure, each disk was transferred to a 15-ml tube containing 10 ml of
PBS. Silica carbide particles of 1-mm size were added to the tubes that were then vortexed for 2 min to
fully detach the bacteria from the surfaces of the leaf disks. Aliquots were withdrawn, were serially
diluted in sterile PBS, and were spread on TSA plates containing 50 �g · ml�1 of rifampin. The plates were
incubated for up to 48 h at 37°C before plate counting. E. coli O157:H7 populations were determined and
expressed as CFU log counts. Experiments with sterile water applied to the inoculated leaf surfaces and
exposed to UV-A light were also carried out as a control.
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Statistical analysis. Statistical analysis was conducted using one-way analyses of variance (ANOVAs),
and the pairwise differences were evaluated using Tukey’s range test to identify significant differences
between each sample group (P � 0.05).
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