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Abstract Peroxides and chlorite-based sanitizers are com-
monly used for washing procedures. The efficacy of these
sanitizers is significantly reduced in the presence of organic
content and may result in the formation of harmful secondary
products. Therefore, new food-grade sanitizers with enhanced
antimicrobial efficacy are needed. In this work, we tested a
visible light-activated photosensitizer, Rose Bengal (RB), for
the reduction of microbial load in simulated wash water.
Escherichia coli BL21 and bacteriophage T7 were selected
as model bacterial and viral targets, respectively. Effects of
duration of illumination, growth phase of the bacterium, and
the presence of organic matter on efficacy of inactivation were
evaluated. Photosensitized RB was able to achieve 6
log colony-forming units (CFU)/mL reduction in the
exponential-phase bacteria in the presence of high organic
content (2000 ppm LB broth) within 45 min of treatment.
The results also demonstrated that the stationary-phase mi-
crobes were significantly more resistant to photoinactivation
as compared to the exponential-phase microbes at both low

and high organic loads (200 and 2000 ppm). The results indi-
cate that RB dye can be internalized in bacteria and induces
damage to the cell membrane upon photoactivation. Viral in-
activation studies demonstrated that photoactivation of RB
can achieve 5 log PFU/mL reduction in viral load in the pres-
ence of 2000 ppm LB after 30 min of treatment. Overall, these
results highlight the efficacy of RB as an antimicrobial against
bacteria and viruses in simulated wash water and demonstrate
its potential as an alternative sanitizer for the food industry.

Keywords Rose Bengal . Photosensitization .Model wash
water . Escherichia coli . T7 bacteriophage

Introduction

Produce washing is a critical process operation in the fresh pro-
duce industry that removes debris and soil and also provides an
opportunity for reducing themicrobial load (Palma-Salgado et al.
2014). Reduction in microbial load with produce washing may
impact both the quality and the safety of fresh produce. To reduce
the microbial load on fresh produce and to prevent cross contam-
ination of produce from microbes in the wash water, various
sanitizers such as sodium hypochlorite (SH) and peroxy acetic
acid (PAA) are commonly used (Weller et al. 2013). The activity
of these sanitizers is predominantly based on oxidative stress
induced by interactions of these chemicals with microbial cells
(Gomez-Lopez 2012). Despite their widespread use in the fresh
produce industry, current sanitizers have significant limitations.
These limitations include (a) production of harmful chemical
derivatives upon reactions of SH with organic content in fresh
produce (Fawell 2000); (b) limited efficacy of the selected
sanitizer in reducing microbial load in high-organic-content en-
vironments (Shen et al. 2013; Sun. et al. 2012), and (c) reduced
shelf life of the sanitizer as in the case of PAAwhen compared to

Dr. Tikekar and Dr. Nitin are joint corresponding authors on this
manuscript. Dr. Tikekar can be reached at rtikekar@umd.edu, or +1-
301-405-4509.

* Rohan V. Tikekar
rtikekar@umd.edu

* Nitin Nitin
nnitin@ucdavis.edu

1 Food Science and Technology Department, University of California,
Davis, Davis, CA 95616, USA

2 Department of Nutrition and Food Science, University of Maryland,
College Park, College Park, MD 20742, USA

3 Department of Biological and Agricultural Engineering, University
of California, Davis, Davis, CA 95616, USA

Food Bioprocess Technol (2016) 9:441–451
DOI 10.1007/s11947-015-1631-8

http://crossmark.crossref.org/dialog/?doi=10.1007/s11947-015-1631-8&domain=pdf


SH (Bachelli et al. 2014). Thus, there is a significant need to
improve the selection of sanitizers that can reduce some of these
concerns, particularly the limited efficacy of current sanitizers in
the presence of organic content and their environmental and
health concerns.

In recent years, significant research has been conducted in
biomedical and environmental engineering to evaluate the role
of photosensitization for the treatment of various diseases or
oxidation of certain chemical compounds in water (Valkov
et al. 2014). The reactive oxygen species (ROS) produced
by photoactivation of the PS compounds can induce damage
to the cellular components of the cells resulting in cell death or
oxidation of chemicals (Cieplik et al. 2014; Kumar et al. 2004;
Lopes et al. 2014). This approach has been evaluated to reduce
proliferation of cancer cells (Agostinis et al. 2011), suppress
growth of fungal infections and other skin diseases
(Calzavara-Pinton et al. 2005), as well as inactivate residual
chemicals in waste water (Kim et al. 2012).

To the best of our knowledge, the photoactivation approach
has not been explored for the applications relevant to sanita-
tion of wash water for the fresh produce or process water in
food systems. Activity of the PS compounds is based on the
generation of ROS upon exposure to light at a particular wave-
length. The unique benefits of this photoactivation approach
for sanitation applicationmay include (a) the ability to activate
compounds with light and the lack of residual chemical activ-
ity in the absence of excitation source and (b) some of the PS
compounds may be selected from food-grade chemicals (both
GRAS or food additives), thus reducing both the health risks
and environmental concerns.

To demonstrate the potential of the photoactivation ap-
proach for sanitation in the fresh produce industry, several
key questions need to be evaluated. In this study, we have
focused on two key questions: (a) the ability of PS compounds
to reduce microbial load (both viral and bacterial) in the pres-
ence of organic content and (b) the potential of PS compounds
to inactivate microbes in both the exponential and stationary
phases. These questions were selected because organic con-
tent is one of the significant factors that impact the efficacy of
conventional sanitizers (VanHaute et al. 2013) andmost of the
prior studies with PS were conducted without organic content
(Cherchi and Gu 2011). Similarly, most of the prior studies
with PS compounds have been conducted using bacteria in the
exponential growth phase. Prior studies with conventional
sanitizers have indicated that bacteria in different growth
phases can have significant differences in their resistance to
sanitizers (Yousef and Juneja 2002). These differences in re-
sistance have been attributed to varying expression patterns of
stress resistance genes in various phases of the bacteria (Blom
et al. 2011). In addition, it has been suggested that the special-
ized survivor cells, that neither grow nor die during antimicro-
bial processes, appear in the later phase of bacterial growth
(Keren et al. 2004).

In this study, Rose Bengal (RB) was selected as a model
PS. RB belongs to a class of xanthene-based dyes. Some of
the xanthene-based dyes have been approved as food color-
ants; the examples include the use of RB dye as a food-grade
color additive (Food Red No. 105) in Japan (Qi et al. 2010)
and Erythrosine (E127) as a food color in the USA (FDA
2003), EU, and the UK (EFSA 2011). RB has also been pre-
viously used as a PS in diverse biomedical applications in-
cluding photodynamic therapy to induce apoptosis and au-
tophagy in Hela cells (Panzarini et al. 2014); to reduce prolif-
eration of skin cancer (Gianotti et al. 2014), and for antifungal
treatments (Cronin et al. 2014). In addition to biomedical ap-
plications, RB has been used for inactivation of RNA (Di
Mascio et al. 1989) and DNA viruses in water (Schneider
et al. 1993). However, to the best of our knowledge, RB has
not been evaluated as a PS for wash water sanitation applica-
tion. To simulate the organic content in wash water, lysogeny
broth (LB) medium with different dilutions was used. To de-
termine the influence of process conditions, i.e., PS concen-
tration, organic content, and time of exposure on reduction of
bacterial and viral contaminants, Escherichia coli and T7 bac-
teriophages were selected as the model bacterial and viral
targets. To evaluate the influence of physiological states on
sanitation efficacy, E. coli in two different phases of its growth
(exponential- and stationary-phase growth) was selected for
this study.

In summary, the results of this study indicated the potential
of the PS approach for wash water sanitation and provided an
alternative to chemical sanitizers that are currently being used.

Material and Methods

Photo-Illumination Device

A non-transparent taupe-colored plastic box (internal size
96.5 L × 43.1 W × 48.2 H cm) (Suncast Corporation,
Batavia, IL, USA) with two dual-light 60.9-cm T8 fluorescent
fixtures (120–277 V, 50/60 Hz) with an electronic ballast was
used for the photo-illumination of samples. A total of four 15-
W, 60.9-cm T8 Cool White 4100K Fluorescent Bulbs
(Philips®) were set up on the fixtures, and a rigid white plat-
form was placed under the lamps at 8 cm from the light source
for the exposure of samples. The intensity of light at the plat-
form was measured with a Dr. Meter SM206 digital power
meter (Light In The Box, Seattle,WA, USA) and was found to
be 57.8 ± 1.83 W/m2 on the surface of the platform.

Chemical Oxygen Demand Measurements

In this study, LB was selected as a model system to simulate
the influence of organic content on antimicrobial efficacy of
the selected PS treatments. LB has already been used as a
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model system for simulating the influence of organic content
on conventional sanitizers (Le et al. 2015). Chemical oxygen
demand (COD) measurements were performed using high-
range COD digestion vials (Hach, Loveland, CO, USA).
The measurements were conducted following the Hach
Method 8000. The samples were digested in a DRB 200 re-
actor (Hach, Loveland, CO, USA), and the product was ana-
lyzed based on colorimetric analysis with a DR/800 colorim-
eter (Hach, Loveland, CO, USA). Three dilutions of LB me-
dium (Fisher Scientific, Hampton, NH, USA) at 200, 2000,
and 20,000 ppm were measured, and the organic contents
were reported in milligrams O2/liter COD.

Bacterial and Bacteriophages Cultures

E. coli BL21 (ATCC, BAA-1025, Manassas, VA, USA) was
cultured in LB broth and LB agar (Fisher Scientific, Hampton,
NH, USA). Ten milliliters of broth was inoculated with a
colony of E. coli BL21 and grown at 37 °C at 150 rpm. The
following day, 100 μL of the overnight culture was inoculated
in 10 mL of pre-warmed LB broth and incubated until an
absorbance of 0.4 was reached at 600 nm (approximately
2 × 108 colony-forming units (CFU) per mL, reflecting an
exponential phase) or 1.5 (approximately 2 × 109 CFU/mL,
reflecting a stationary phase). Bacteriophage T7 (ATCC,
BAA-1025-B2, Manassas, VA, USA) was cultured in
stationary-phase E. coli BL21 cells in LB medium. Phage
propagation was blocked with a chloroform treatment, and
the recovery of lysate was performed as previously described
(Han et al. 2014).

Diffusion and Release of Rose Bengal in Exponential-
or Stationary-Phase E. coli

Exponential- or stationary-phase bacterial suspensions were
centrifuged at 16,000g for 1 min and washed with 1 mL of
sterile Milli-Q water. After a second step of centrifugation,
pellets were re-suspended in sterile diluted LB (2000 ppm)
to obtain a final bacteria concentration of approximately
2 × 108 CFU/mL. One milliliter of the bacterial suspension
was immediately added to an equal volume of Rose Bengal
(RB) sodium salt (Santa Cruz Biotechnology, Dallas, TX,
USA) solution at a concentration of 0, 20, or 200 μMprepared
in 2000 ppm LB solution to obtain a final suspension contain-
ing 1 × 108 CFU/mL bacterial load and 0, 10, or 100 μM of
RB. This suspension was incubated in plastic sterile centrifuge
tubes for 0, 30, or 60 min in the dark at room temperature.
After selected time intervals, 1 mL of cell suspension was
centrifuged and washed twice in sterile water to remove ex-
tracellular RB and the cell pellet was lysed using 1 mL of lysis
solution (50 mMTris-HCl, 25 mMEDTA, 3 % SDS). Cells in
the lysis solution were subjected to three cycles of freezing
and thawing at −30 °C for 5 min and +65 °C for 10 min.

Subsequently, the suspension was centrifuged at 16,000g for
10 min to pellet cellular debris. The supernatant was recovered
for spectrophotometric analysis of recovered intracellular RB.
Two hundred microliters of supernatant was pipetted in a well
of a sterile 96-well flat-bottom transparent plate (Sarstedt, Inc.,
Newton, NC, USA), and the absorbance value at 549 nm was
measured. Absorbance data were standardized on readings on
200 μL of lysis buffer and subtracted from readings at same
lambda of 1 × 108 CFU/mL in LB 2000 ppm without RB. All
the experiments were performed in triplicate and data were re-
corded as the average of three independent readings.

Fluorescence Microscope Imaging of RB Absorbed
by E. coli

One milliliter of a bacterial culture containing 1 × 108 CFU
was prepared in 2000 ppm of LB with 100 μM of RB and
incubated in the dark at room temperature for 30 min. After
incubation, the suspension was centrifuged and washed as
described in the earlier section. The pellet was re-suspended
in 1 mL of water, and 10 μL of the suspension was spotted on
a microscope slide and a cover slip was placed on the top. The
slide was visualized using an inverted optical microscope
(Olympus IX-7). Fluorescence images were acquired using a
×60 objective, and the fluorescence excitation and emission
were 541 and 572 nm, respectively. Control experiments with
bacteria without RB were also conducted.

Photosensitization of E. coli BL21 in Rose Bengal Solution

For exponential-phase experiments, a culture of E. coli with
an A600nm = 0.4 OD was diluted 1:100 in the appropriate
dilution of LB broth to simulate the presence of various
amounts of organic loads (200, 2000, and 20,000 ppm). One
milliliter of this dilution (approximately 2 × 106 CFU/mL)
was added to 1 mL of RB solution of identical organic load
in order to incubate bacterial culture with 0, 10, or 100 μM of
RB dye. The resulting 2 mL volume with 1 × 106 CFU/mL
was placed within a well of a 12-well flat-bottom polystyrene
plate and exposed to light for 0, 15, 30, 45, and 60 min. At
each time point, an aliquot of the sample was withdrawn and
serially diluted in phosphate buffer saline (PBS) (USB
Corporation, Cleveland, OH, USA), and aliquots of 100 μL
were plated on LB agar for the bacterial enumeration. The
controls for this experiment consisted of incubation of bacteria
at room temperature for up to 1 h either in the presence of RB
but without light or in the absence of RB but in the presence of
light. For the experiments involving stationary-phase bacteria,
the stock culture was diluted 1000-fold to achieve the same
level of initial microbial population as for the exponential
phase. The protocol of photosensitization and enumeration
of CFU for the stationary-phase bacteria was identical to that
discussed for the exponential-phase bacteria.
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Detection of Nucleic Acid and Protein Leakage

A stationary- or exponential-phase bacterial culture of
1 × 108 CFU/mL prepared in 2000 ppm of LB containing
100 μM RB was exposed to the light for 1 h. After the treat-
ment, cells were centrifuged at 16,000g for 10 min and the
absorbance of supernatant was measured at 260, 280, 549, and
600 nm with a GENESYS 10S UV-vis spectrophotometer
(Thermo Scientific, Waltham, MA, USA) in UV-cuvettes
(BRAND, Wertheim, Germany). The blank for this experi-
ment consisted of bacterial culture that underwent the identical
preparation and treatment except for the addition of RB.
Nucleic acid and protein leakage was therefore standardized
based on the absorbance values of supernatant extracted from
cells in LB 2000 ppm without RB added at 549 and 600 nm.

Photosensitization of T7 Bacteriophage
from Light-Exposed Rose Bengal

E. coli BL21 lysate with T7 was centrifuged and filtrated in a
0.22-μm sterile filter. The filtrated lysate was diluted in PBS
until a titer of 2.0 × 109 plaque-forming units (PFU) per mil-
liliter was obtained (confirmed by plaque count plating). Ten
microliters of the dilution was injected in 2 mL of solutions
with different LB organic contents (1.0 × 107 PFU/mL final
concentration) containing the PS RB in different concentra-
tions (0, 10, and 100 μM). Photosensitization was performed
in a manner similar to the bacterial experiments above. At
each time point, 10μL of the samplewas appropriately diluted
in PBS and 10 μL of each dilution was injected in 100 μL of
stationary-phase host E. coli BL21 (approximately A600nm =
1.5 OD), followed by incubation for 15 min at 23 °C.
Afterwards, 4 mL of soft LB agar at 40 °C (LB broth 1×,
0.75 % agar, 10 mM MgSO4·7H20 (Fisher Scientific,
Hampton, NH, USA)) was added and mixed with the incubat-
ed bacteria plus phages and immediately poured on precast
room temperature LB agar plates to be further incubated over-
night at 37 °C after solidification. Plaques were counted and
reported as PFU/mL.

Mathematical Modeling of Inactivation of T7
Bacteriophage and E. coli BL21

The Weibull model was used to describe the inactivation by
visible light or during the treatments with photosensitized RB.

log10
N

N0
¼ 1

2:303

t

α

� �β

where N is the number of surviving population (CFU/mL or
PFU/mL), N0 is the initial number of populatıon (CFU/mL or
PFU/mL), t is the treatment time (min), α is the characteristic
time (min), and β is the shape parameter (unitless). Then, α

and β were used to calculate the reliable life, tR, which corre-
sponds to theD-value for the first log CFU/milliliter reduction
(van Boekel 2002; Bialka et al. 2008).

tR ¼ α� 2:303ð Þβ

The models were constructed using averages from two ex-
perimental data sets. Non-linear least squares regressionmeth-
odwas used to predictα and β. The third experimental data set
was used for a comparison between experimental and predict-
ed data. The goodness of fit was evaluated by root mean
square error (RMSE) and mean absolute error (MAE) values
between the calculated data from the model and experimental
data.

Statistical Analysis

The results were plotted as the mean ± standard deviation, and
the two-tailed t test was used to determine the statistical sig-
nificance (α = 0.05) of the inactivation of bacteria or viruses
among the conditions tested or the significance of the leakage
of nucleic acid or proteins from bacteria during the photosen-
sitization assay. The Pearson correlation coefficient (PCC)
was calculated to measure the strength of the linear relation-
ship between survived population and organic content or be-
tween survived population and RB concentration (α = 0.05)
using the Minitab software.

Results and Discussion

COD Measurement of LB Medium Dilutions
for Photosensitization Experiments

To characterize the correlation between organic content and
COD (a standard approach used in industry to characterize
organic content), serial dilutions of LB broth were prepared
and the COD of the resulting dilutions was measured. A linear
correlation between ppm of LB in Milli-Q water and COD of
the solutions with a proportionality constant of k = 0.913 and
R2 of 0.998 was observed. In this study, 20,000, 2000, and
200 ppm of LBwere selected to represent very high, high, and
low COD levels, respectively. These selected levels corre-
spond to 18,280, 1846, and 203 mg O2/L COD, respectively.
A COD value between 200 to 2000 mg/L represents the typ-
ical range of organic content associated with wash water from
cut lettuce processing (Luo 2007). These selected COD values
represent a range between 2 kg/40 L and 18 kg/40 L for the
ratio between the mass of produce to the mass of water for cut
lettuce washing. Similarly, the COD of process water used for
fresh-cut shredded carrot is approximately 3500 mg/L
(Gonzalez et al. 2004), while the COD for potato wash water
can be in the range of 18,000 mg/L of organic content (Sayed
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et al. 2005). Thus, the range of COD selected for this study
encompasses a wide range of produce washing scenarios.

Inactivation of E. coli by Photosensitized RB: Effect
of Bacterial Phase and Organic Load

We tested the efficacy of the visible light-sensitized RB
against the Gram-negative bacterium E. coli BL21 in two
different phases of its growth, i.e., stationary- and
exponential-phase growths.

Figures 1 and 2 show inactivation of E. coli in the station-
ary and exponential phases upon exposure to photosensitized
RB as a function of RB concentration and organic load. In the
presence of RB or light alone, less than 1 log CFU/mL reduc-
tion in bacterial load was observed in all the cases, indicating

little or no individual effect of the PS or light treatment on the
bacterial population. However, significant microbial inactiva-
tion was observed when RB and light were both present. At
the lowest organic load of 200 ppm and the highest RB con-
centration of 100 μM, a complete, 6 log CFU/mL inactivation
for both the stationary- and exponential-phase bacteria was
observed after 30 min of exposure to the light. At a lower
RB concentration of 10 μM and 200 ppm organic content,
only 1.39 ± 0.50 and 2.47 ± 0.10 log CFU/mL reductions after
30 min were observed for the stationary- and exponential-
phase bacteria, respectively. These results indicate that the
antimicrobial effect was dependent on the concentration range
of RB. A qualitatively similar trend was observed at higher
organic loads as well, further confirming that the antimicrobial
effect of the PS in the presence of visible light excitation was
concentration dependent.

Inactivation of the stationary-phase bacteria by 100 μMRB
after 30 min of exposure was 6 log, 3.21 ± 0.03 log, and
2.03 ± 0.07 log CFU/mL in the presence of 200, 2000, and
20,000 ppm LB, respectively (Figs. 1 and 2). Thus, the extent
of inactivation was significantly affected by the concentration
of organic load (p < 0.0001).

Similarly, inactivation of exponential-phase bacteria by
photosensitized RB at 100 μM was limited to a 2.41 ± 0.21
log CFU/mL reduction in 60 min in the presence of a very
high organic content (20,000 ppm of LB) (Fig. 2). For an
organic content of 2000 ppm, a logarithmic reduction of 5
and 6 log CFU/mL was achieved for the exponential-phase
bacteria incubated with 10 and 100 μM concentrations of RB,
respectively (Fig. 1).

Inactivation kinetics of the logarithmic and stationary-
phase bacteria by visible light-irradiated RB was fitted using

Fig. 1 Rose Bengal photosensitization antimicrobial assay againstE. coli
cells in low and high organic content. Antimicrobial assays against
stationary- (a and c) and exponential-phase (b and d) bacteria were con-
ducted with 10 or 100 μM of RB in water solutions with 200 ppm (a and
b) or 2000 ppm (c and d) of LB in the system as organic content. Exper-
imental controls without illumination (RB 100 μM L−) or without RB
(RB− L+) added were also performed. Standardized results on
1 × 106 CFU/mL were plotted in a log scale as average ± SD. The icons
and the curves show the experimental values and the Weibull model’s
predicted values, respectively

Fig. 2 Rose Bengal photosensitization antimicrobial assay againstE. coli
cells in very high organic content. Antimicrobial assays against
stationary- (a) and exponential-phase (b) bacteria were conducted with
10 or 100 μM of RB in water solutions with 20,000 ppm of LB in the
system as organic content. Standardized results on 1 × 106 CFU/mL were
plotted in a log scale as average ± SD. The icons and the curves show the
experimental values and the Weibull model’s predicted values,
respectively
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the Weibull model (Table 1). Low MAE and RMSE based on
the comparison of the experimental and fitted data indicated
that theWeibull model described the inactivation kinetics. The
reliable life (tR) value, which explains the amount of time
required for the first log CFU/milliliter reduction, was calcu-
lated from theWeibull model constants,α (characteristic time)
and β (shape parameter) (van Boekel 2002). As the organic
content increased from 200 ppm to 2000 and 20,000 ppm in
the presence of 10 μM RB under visible light, the tR for
exponential-phase bacteria increased by 1.99- and 10.25-fold.
An increase in the RB concentration to 100 μM resulted in a
decrease in tR values by 3.55-, 2.41-, and 8.22-fold at 200,
2000, and 20,000 ppm, respectively, as compared to tR values
for bacteria incubated with 10 μM RB. Similarly, the tR in-
creased as the organic content increased for the stationary-
phase bacteria.

Comparison between the tR values for the exponential- and
stationary-phase bacteria shows that at low organic content,
the tR values were lower for exponential-phase bacteria than
stationary-phase bacteria, indicating a lower resistance of
exponential-phase bacteria. At a higher organic content of
2000 ppm, the tR values for the exponential- and stationary-
phase bacteria were similar, while at the highest levels of
organic content (20,000 ppm), the tR values for the
stationary-phase bacteria were significantly lower than those
for the exponential-phase bacteria. These results also indicate
that the stationary-phase microbes were more resistant to PS
treatment as compared to the exponential-phase microbes ex-
cept in the case of the highest organic content (LB 20,

000 ppm) (Fig. 2). In this specific case, we observed that the
reduction in microbial count for the exponential phase was
significantly lower than for the stationary phase. This differ-
ence in resistance between the stationary and exponential
phases for the case of very high organic content can be attrib-
uted to the potential growth of exponential-phase bacteria dur-
ing the treatment interval of 1 h in a nutrient-rich broth.

The PCCs reported in Table 2 show that the number of
surviving E. coli after PS treatment at both the selected levels
of RB concentration was positively and strongly correlated
(correlation factor > 0.9; p value < 0.05) with the concentration
of organic content. This implies that organic content has a
strong protective effect during PS treatment. On the other hand,
Table 3 shows that the survival population of E. coli was in-
versely and moderately correlated (absolute magnitude of cor-
relation factor < 0.7 and p value > 0.05) with the concentration
of RB in the presence of organic content at the levels of 200
and 2000 ppm of LB. However, when the organic content was
increased to 20,000 ppm, the number of surviving E. coli was
inversely and strongly correlatedwith the RB concentration for
the exponential-phase bacteria, but the same correlation factor
strength was not significantly influenced for the stationary-
phase bacteria. These results indicate that increase in RB con-
centration can counter the influence of organic content at high
levels for the exponential-phase bacteria, but the influence of
RB concentration is moderate for the stationary-phase mi-
crobes. These results further highlight the significance of bac-
terial resistance to oxidative stress as a function of physiolog-
ical state in influencing the outcome of PS treatment.

Table 1 The Weibull model constants and goodness of fit for the inactivation experiments of E. coli and T7 bacteriophage

Organic content 200 ppm 2000 ppm 20,000 ppm

Rose Bengal 10 μm 100 μM 10 μm 100 μM 10 μm 100 μM

E. coli BL21 exponential phase α 3.9 0.22 11.56 3.52 22.43 14.94

β 0.86 0.48 1.5 1 0.5 1.2

tR 10.28 1.25 20.47 8.47 108.24 30.47

MAE 0.2 0.01 0.1 0.1 0.3 0.2

RMSE 0.32 0.72 0.36 0.57 0.4 0.37

E. coli BL21 stationary phase α 18.27 1.5 7.56 4.38 46.24 5.05

β 1.88 0.75 1.1 1.02 2.93 0.89

tR 28.47 4.56 16.13 9.92 61.47 12.89

MAE 0.04 0.11 0.02 0.07 0.23 0.14

RMSE 0.19 1.26 0.21 0.22 0.33 0.29

T7 bacteriophage α 0.28 0.07 0.6 2.24 32.82 17.68

β 0.52 0.4 0.55 0.94 1.88 0.59

tR 1.39 0.56 2.73 5.44 51.15 72.7

MAE 0.01 0.09 0.11 0.06 0.05 0.18

RMSE 0.01 0.21 0.19 0.14 0.12 0.31

The constants and goodness of fit are shown for exponential and stationary phase E. coli BL21 and T7 bacteriophage antimicrobial studies. Parameters
shown areα = characteristic time (min), β = shape parameter, tR = reliable life, RMSE = root mean square error, and MAE = mean absolute error
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Overall, the bacterial photosensitization data showed how
the highest concentration of RB tested in this study (100 μM)
resulted in up to 6 log CFU/mL reduction at COD ∼1900 mg/
L both for the exponential- and stationary-phase bacteria after
1 h of photosensitization treatment. However, the 6 log CFU/
mL reduction was achieved in the exponential-phase bacteria
within 45 min of light exposure. These results indicate that the
stationary-phase bacteria have higher resistance to photosen-
sitization than exponential-phase bacteria at high (2000 ppm)
and low (200 ppm) concentrations of LB as organic content.
With a RB concentration of 100 μM, approximately 3
log CFU/mL reduction in bacteria can be achieved in 30 min
for both exponential- and stationary-phase bacteria in the pres-
ence of organic content ∼1900 mg/L COD. Reduction in mi-
crobial load in the presence of organic content achieved with
light activation of RB is similar to the microbial reductions
achieved using SH and H2O2 with similar order of magnitude
incubation periods (Florkowski et al. 2014).

Diffusion, Recovery, and Detection of Internalized Rose
Bengal in E. coli

Experiments involving absorption and internalization of RB
by E. coliwere performed with either 10 or 100 μMRB for 0,
30, and 60 min in the presence of 2000 ppm of LB. Figure 3
shows the corrected absorbance from RB internalized by the
bacterial cells in the stationary (Fig. 3a) and exponential
phases (Fig. 3b), respectively. A gradual increase in absor-
bance as a function of RB concentration and incubation time
suggested that RB was internalized by bacterial cells.
Although there was an increase in both the rate of uptake of
RB dye and the total amount of RB in bacterial cells (both the

exponential and stationary phases) with increasing concentra-
tion of RB in the extracellular phase, the increase in the total
amount of RB dye uptaken within the cells was limited. It was
observed that with a tenfold increase in RB concentration,
approximately threefold increase in the RB concentration
was observed in both the exponential- and stationary-phase
bacteria. This result indicates that the passive diffusion of
RB dye in bacteria was constrained.

The results demonstrate the total intracellular uptake of the
RB dye after 60 min of incubation was higher in the case of
the stationary-phase microbes compared to the exponential-
phase ones. Additionally, the rates of uptake in both the
stationary-phase and exponential-phase bacteria were a func-
tion of RB concentration present in the extracellular medium.
In the stationary-phase bacteria incubated with 10 μMRB, the
difference in the intracellular concentration of RB dye com-
pared to the control was only detected after 60 min of incuba-
tion. In the case of the exponential phase under an identical set
of conditions, this difference in concentration could be detect-
ed after 30 min of incubation. Upon incubation of bacteria
(stationary or exponential phase) with 100 μMRB concentra-
tion, statistically significant differences in intracellular con-
centration of RB could be detected at 30 min of incubation
compared to the control.

The higher accumulated levels of RB in cells in the
stationary-phase bacteria can be explained based on a combi-
nation of altered osmotic pressure (Koch 1985) and increased
thickness of the cell envelope in the stationary-phase bacteria
compared to the exponential-phase bacteria (Leduc et al.
1989). This combination of factors may increase the perme-
ation and/or reduce the leaching of RB during the subsequent
washing step. To complement spectroscopic measurements
and provide a direct evidence of internalization of RB within
bacterial cells, we also performed fluorescence imaging of
bacteria (Fig. 3c, d). Consistent with spectroscopic measure-
ments, an increase in fluorescence within bacteria can be ob-
served upon incubation with RB in both stationary and expo-
nential phases. These results further confirm that at least a
fraction of RB was internalized within bacteria.

Previous experiments based on spectroscopic studies using
quenching of RB have indicated localization of RB to the
outer membrane of bacterial cells, although no direct imaging
observation was reported (Dahl et al. 1989). Fluorescence
imaging results from this study (Fig. 3) indicate an increased
internalization of RB in the stationary-phase bacteria com-
pared to the exponential-phase bacteria. This trend is similar
to the differences in RB uptake between stationary and expo-
nential bacteria measured using spectroscopy. Since the cells
were washed prior to imaging, it is possible that the RB bound
to the outer membrane of the cell was removed during the
washing and re-suspension steps.

Surprisingly, an increased amount of internalized RB in the
stationary-phase bacteria during the diffusion test did not

Table 2 The Pearson correlation factors between the survived
population of E. coli or T7 bacteriophage and organic content

10 μM Rose
Bengal

100 μM Rose
Bengal

E. coli BL21 exponential phase 0.984* 0.909*

E. coli BL21 stationary phase 0.971* 0.971*

T7 bacteriophage 0.935* 0.834*

*p value 0.05

Table 3 The Pearson correlation factors between the survived
population of E. coli or T7 bacteriophage and Rose Bengal concentration

200
ppm LB

2000
ppm LB

20,000
ppm LB

E. coli BL21 exponential phase −0.577 −0.570 −0.931*
E. coli BL21 stationary phase −0.560 −0.574 −0.664

T7 bacteriophage −0.576 −0.573 −0.695*

*p value 0.05
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correlate with the enhanced antimicrobial activity. This may be
due to the fact the stationary-phase bacteria are more resistant
to PS compared to the exponential-phase bacteria. Also, it is
possible that a significant antimicrobial activity of RB is the
result of generation of ROS in the extracellular space including
the increased absorption of the dye in the outer membrane,
especially since a relatively large concentration of RB is located
in the extracellular space as compared to the intracellular frac-
tion. Based on this, we hypothesize that in addition to the ROS
that may be generated by internalized RB molecules, ROS
generated in the extracellular medium may exert antimicrobial
effect by damaging cell membranes and intracellular content.

Measurement of Nucleic Acid and Protein Leakage
upon Rose Bengal Photosensitization

To assess the damage induced on bacterial cell membranes by
photosensitized RB, leakage of nucleic acids and proteins was
detected after 1 h of treatment. Supernatants of pelleted culture
were analyzed for spectrophotometric absorbance readings at
260 and 280 nm. Figure 4 shows the results of leaked nucleic
acid and protein molecules from the stationary- and
exponential-phase bacteria. After 1 h of photosensitization
treatment using RB at 100 μM concentration, no differences
in the concentration of leaked nucleic acids and proteins were

detected between the stationary- and exponential-phase bacte-
ria samples. This is expected as complete reduction in micro-
bial load was achieved at higher concentration levels of RB.
At a lower concentration of 10 μM, the exponential-phase bac-
teria showed a slightly higher but statistically significant rela-
tive concentration of leaked nucleic acid (t = 5.6822; df = 4;
p = 0.0047) and proteins (t = 4.3198; df = 4; p = 0.0124)
compared to the stationary-phase bacteria. These results sup-
port the observations reported in Fig. 1, indicating higher sus-
ceptibility of the exponential-phase microbes to PS treatment.

This antimicrobial mechanism can be explained by the for-
mation of singlet oxygen species upon photoactivation of RB
(Yesuthangam et al. 2011). Singlet oxygen species are known
to induce damage to cell membrane (Schäfer et al. 1998) and
also induce DNA damage (Di Mascio et al. 1989). Based on
this understanding, we can conclude that the antimicrobial ac-
tivity of RB results from both damage to the cell wall as well as
nucleic acids. This is supported by the experimental evidence
in this study that demonstrates increased resistance of the
stationary-phase bacteria compared to the exponential-phase
bacteria. Thicker cell wall and membrane (Makinoshima et al.
2003) and condensed DNA structure can provide a higher pro-
tection against the ROS-induced damage in the stationary-
phase bacteria (Martinez and Kolter 1997) and may result in
increased resistance to photosensitization.

Fig. 3 Rose Bengal absorption
by E. coli in stationary- or
exponential-phase growth bacte-
ria. Graphs show the absorbance
at 549 nm of clarified lysates of
E. coli after diffusion of 10 or
100 μM of RB in stationary- (a)
or exponential-phase (b) bacteria.
The amounts of RB (μg) recov-
ered at each time point from
1 × 108 CFU are shown on the top
of each time point analyzed. Mi-
croscope fluorescence images
show stationary-phase bacteria (c)
and exponential-phase bacteria
(d) after 30 min of incubation
with or without 100 μL of RB.
Images were captured in bright-
field (BF) or with rhodamine iso-
thiocyanate (TRITC) filter
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Antiviral Effect of Rose Bengal Photosensitization

Antiviral efficacy of photosensitized RB was evaluated using
T7 bacteriophage as a model DNA phage.We observed that in
30 min, a 3.58 ± 0.29 and 5 log PFU/mL reduction was
achieved, respectively, with 10 and 100 μM of RB in the
presence of 2000 ppm of simulated organic content (Fig. 5).
Comparison of results in Figs. 5 and 1 shows that viral

particles are more susceptible to photosensitization compared
to bacteria.

The viral inactivation by visible light-irradiated RB was
described by the Weibull model (Table 1). The MAE and
RMSE calculated by comparing the fitted data and experimen-
tal data were close to 0. The tR, which represents the time for
first log PFU/mL reduction, was calculated from the Weibull
model constants. The tR increased by 1.96- and 36.79-fold as
the organic content increased from 200 to 2000 and 20,
000 ppm of LB, respectively. The increase in the RB concen-
tration from 10 to 100 μM caused a 2.48-fold decrease in the
tR in the presence of 200 ppm of LB. However, at higher
concentrations of LB, increase in the RB concentration did
not lower the tR.

Table 2 shows that at both selected levels of RB concen-
tration, the organic content concentration was positively and
strongly correlated with the survival population of T7 bacte-
riophage (p value 0.05). On the other hand, the results in
Table 3 show that increase in RB concentration was only
moderately and inversely correlated with the survival popula-
tion of T7 phage after PS treatment at all three levels of or-
ganic content selected in this study.

An analysis of the results reported in Figs. 5 and 1 indicates
that viral particles are more susceptible to photosensitization
compared to bacteria. A concentration of 100 μM RB in the
presence of a high organic content (2000 ppm LB) resulted in
5 log PFU/mL reduction of viral particles after 30 min of
visible light exposure, while in the same organic load, both
exponential- and stationary-phase bacteria were reduced only
by 3 log CFU/mL after 30 min of treatment. Following the
same trend, after 30 min of exposure in the presence of a low
organic content of 200 ppm LB, bacteria were inactivated by
less than 3 log CFU/mL in both growth phases at the lowest
concentration of RB used (10 μM). On the other hand, with
the same organic content and RB concentration, viral particles
were inactivated by at least 5 log PFU/mL.

Fig. 5 Rose Bengal photosensitization antimicrobial assay against T7
phage in water solution. The antiviral assay was conducted with 10 or
100 μM of RB in water solutions with 20,000 (a), 2000 (b), or 200 ppm
(c) of LB in the system. Controls without illumination or without RB

added were also performed. The icons and the curves show the
experimental values and the Weibull model’s predicted values,
respectively

Fig. 4 Membrane damage and leakage of nucleic acids and proteins from
E. coli upon photosensitization with Rose Bengal. Experiments of
photosensitization were carried out on stationary- (left) or exponential-
phase (right) bacteria in a system with an organic content given by
2000 ppm of LB. Leakage experiments involved the analyses of super-
natant recovered from stationary (a and c) or exponential (b and d) bac-
teria photosensitized for 60 min. Absorbances at 260 nm (a and b) and
280 nm (c and d) were subtracted by the same wavelength readings of
supernatant derived by 1 × 108 CFU/mL without RB added
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Viral particles have already been shown as more suscepti-
ble to photosensitization treatments than bacteria (Wagner
et al. 2005). Hotze and colleagues suggested that singlet oxy-
gen may induce crosslinking of capsid proteins in bacterio-
phages, resulting in a direct impairment of the phages’ ability
to bind to the host surface (Hotze et al. 2009). This study
shows that RB is a powerful PS for the inactivation of viral
particles. Since singlet oxygen has been indicated as the ROS
produced upon photosensitization of RB (Yadav et al. 2010),
the results of this work may strengthen the role of singlet
oxygen as the leading source of oxidative stress during pho-
todynamic treatment of viral particles.

Conclusions

This study was aimed at evaluating the potential of
photosensitized Rose Bengal (RB) dye on the inactivation of
bacteria and viruses in the presence of organic content. The
effect of light exposure duration, the concentration of the RB
dye, and the physiological state of the cells on the inactivation
rate of both bacterial and viral model systems was determined.
The study also evaluated the potential mechanisms for the
antimicrobial activity of photosensitized RB based on its in-
ternalization within the bacteria and its ability to cause mem-
brane damage. The results of this study demonstrate that
photosensitized RB can be an effective approach to reduce
bacterial and viral loads in the presence of wash water. The
study also highlights the differences in resistance between the
stationary- and exponential-phase microbes and delineates a
significant role of membrane damage in PS-induced inactiva-
tion of the bacteria. The results also reflect upon the challenges
introduced by organic content in reducing the efficacy of PS
treatment. These challenges may result by the scavenging of
the dye molecule or the radical species generated by the dye.
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