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Congo red protects bacteriophages against UV
irradiation and allows for the simultaneous use of
phages and UV for membrane sterilization}
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The membrane bioreactor market has been expected to grow by 4.9 billion USD within five years - from
2021 to 2026. Biofouling caused by the deposition of microorganisms and their extracellular substances
decreases the operational flux of the membrane bioreactor, increasing the energy consumption costs of
bioreactor maintenance. Standard protocols are costly and time-consuming, and generate harmful waste.
Here, a method for the simultaneous utilization of UV light and bacteriophages for efficient sterilization of
bacteria-contaminated membranes is demonstrated. Congo red, a commonly used dye, provides selective
protection of phages, but not bacteria, against UV radiation. This allows for overcoming the significant
drawback of such protocols - the phage inactivation by UV. The simultaneous utilization of phages, UV,
and Congo red resulted in the complete removal of bacteria from membranes (>4log) within just 30
minutes. This is also the first attempt to describe the UV-protective property mechanism of dyes.
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Water impact

Applying bacteriophages and Congo red (‘cleaning mixture’) for UV membrane sterilization significantly shortens the procedure time and decreases the
number of chemicals used for bioreactor cleaning. Congo red has low toxicity (similar to caffeine) and can be easily removed from water solutions using
different approaches. Therefore, applying a ‘cleaning mixture’ may limit the release of chemicals into water environments.

Introduction products harms health, safety, and the environment.’
Another commonly used sterilization agent is UV light. Its
application is suitable yet limited by the geometry of the
bioreactors and hindered access to cloudy media.® Other
means are either costly (e.g., antibiotics or antifungal drugs)
or time-consuming (like temperature-sterilization’), or
require specialized equipment (e.g., ozonation®), including
corrosion-resistant properties (e.g:, for chlorine sterilization®).

The global market for membrane bioreactors is estimated to
grow to 4.9 billion USD with a compound annual growth rate
(CAGR) of 8.3% by 2026. From 2018 to 2023, its growth was
even faster, from a value of 1.9 billion USD to 3.8 billion USD
within five years, with a CAGR of 14.7%." Another report
estimated this sector to be 3.0 billion USD in 2019.”

Biofouling is regarded as one of the biggest threats to the
membrane bioreactor industry. Compared to standard
maintenance procedures, the cost of cleaning fouled
membranes increases by 50-100%. Also, operating with
fouled membranes increases the cost of energy or even
causes a malfunction of the equipment.’

Biofouling is most commonly treated with chemicals.®
However, they are often corrosive, which affects the
membrane integrity. Disposing of used chemicals and by-
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Therefore, there is a need to develop new methods to deal
with membrane fouling. The preferred method would be
based on mild agents that do not generate toxic wastes.
Scarascia et al. proposed using UV and bacteriophages for
two-step membrane sterilization."® However, such an
approach has an intrinsic drawback: UV deactivates bacteria
and phages alike. Therefore, UV and phages cannot be used
simultaneously.

Bacteriophages (phages) are viruses that infect bacteria.
Phages are safe for humans," cheap, and produced using
rapid and inexpensive techniques.'” The vast majority of
phages cause the host's death upon completion of the
reproduction cycle. Thus phages are considered natural
antibacterial agents. This fact makes phages the most

This journal is © The Royal Society of Chemistry 2023
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promising ‘tools’ in the fight against the growing antibiotic
resistance among  bacterial strains.”>' The global
bacteriophage market (i.e., phage therapies, food industry,
agriculture) is forecasted to change with a CAGR of 4.5% in
2021-2029."°

The use of bacteriophages is an exciting solution to
eradicate fouling agents such as bacterial cells and is of great
interest for industrial applications. Such research is, however,
in a preliminary stage. The specificity of particular phages to
only certain Dbacteria requires the combination of
bacteriophage sterilization with less specific bactericidal
factors, e.g., UV radiation. Several reports have proven the
superior efficacy of the two-step sterilization using first UV
radiation and then bacteriophages.'®® Recently, Scarascia
et al.,'® for the first time, showed the additive effect of the
consecutive application of UV and phages for efficient
bioreactor membrane sterilization. The method was found
significantly different, yet comparable to the efficacy of
chemical treatment (the alive/dead cell ratio for chemical
treatment was about 0.25, while after UV-C + bacteriophage
treatment, the ratio was about 0.35). The authors compared
the efficacy of the simultaneous use of UV and
bacteriophages for 3 h and 6 h and bacteriophage exposure
after UV exposure. Significant differences in the efficacy of
bacteria elimination were observed during independent UV-C
+ bacteriophage and simultaneous UV-C + bacteriophage
exposure. Although the simultaneous use of UV-C and
bacteriophages appeared to be significantly more efficient
than their independent application, the additive effect was
smaller than could be expected. This might be due to the fact
that ultraviolet radiation inactivates bacteriophages. UV
radiation primarily targets the viral genome, with pyrimidine
bases being more reactive than purine at the wavelength of
254 nm." This fact was confirmed for various phages
(icosahedral, e.g., T2, PhiX174, and filamentous, e.g., MS2,
fr)*® and animal viruses such as herpes simplex virus*' or
poliovirus.>® Although some coliphages, such as T7, can
develop UV resistance, this process is prolonged and
inefficient.>

The method described by Scarascia et al. takes 3 or 6
hours,'® which means that such a protocol is significantly
faster than chemical-based sterilization (96 hours for
chlorine,** up to a few days for ozonation®) with comparable
efficacy. However, knowing the detrimental effect of UV on
the phages, protection against highly energetic radiation
becomes even more urgent.”® The simultaneous application
of UV radiation and bacteriophages, protected from the
adverse effects of UV, would result in an even more efficient
and possibly quicker sterilization protocol. We found that
Congo red (CR) dye can be used for such an application as it
selectively protects bacteriophages from UV irradiation.
Moreover, we confirmed the uniqueness of this dye by
comparing CR to five other judiciously chosen dyes.

Congo red (CR for short), a representative of azo dyes, has
been known for over 100 years as a staining dye. It is
frequently used in medicine for amyloids and aggregated
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protein staining.>’*° The toxicity of Congo red to rats is
estimated to be LDs, = 15.2 g per kilogram of body mass.>”*
A lethal dose for humans is estimated to be about 143 mg
per kg of body mass, ie., similar to caffeine (LD, of 150-200
mg kg ™" (ref. 32)).

The protective action of CR towards bacteriophages was
unexpected, as a significant body of literature has shown
the opposite effects against other viruses. Rawal and Vyas
proved the virucidal properties of Congo red (and ascorbic
acid) to the human immunodeficiency virus (HIV).**> In the
paper by Estupinan and Hanson, significantly decreased
infectivity of the Newcastle disease virus (NDV) was
observed when the virus was injected into chicken embryos
simultaneously with Congo red.’>* The inactivation of virions
by CR (2.4 pg ml™") is known not only for NDV but also for
influenza virus, fowl plague virus, and Sindbis virus.*»*
The effect of CR on bacteriophages has not been
investigated until now.

Here, a potential application of CR to protect the majority
of bacteriophages against UV irradiation is proposed. Only in
the case of the enveloped Phi 6 phage did Congo red prove to
deactivate virions. This knowledge was used to develop a
procedure for dealing with membrane fouling, which utilizes
the simultaneous action of UV and bacteriophages. Congo
red was proved to protect phages, but not Gram-negative
bacteria, against UV under the same experimental
conditions.

Experimental
1. Bacteriophage protection against UV radiation

10 mg of the dye was dissolved in 1 ml of TM buffer,
reaching a final concentration of CR = 1% (w/v). During the
experiment, 6 species of non-enveloped bacteriophages - T4
(Tevenviridae), T7 (Studierviridae), T1 (Tunaviridae), MS2
(Leviviridae), M13 (Inoviridae), and LR1_PAO1 (environmental;
tailed phage isolated from the Baltic seawater; probably
Pbunavirus) were examined. These phages represented the
groups of viruses with different types of genome organization
- double-stranded DNA (dsDNA; T1, T4, T7), single-stranded
DNA (ssDNA; M13), and single-stranded RNA ((+)ssRNA;
MS2). As a representative of enveloped bacteriophages,
Pseudomonas phage Phi 6 (DSM 21518; obtained from
German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany) was used. This phage is a member
of the Cystoviridae family, with the genome in the form of
double-stranded RNA (dsRNA). As the host for the T1, T4,
and T7 phages, the following strain was used: Escherichia coli
BL21 strain; for the MS2 and M13 phages, the host was the E.
coli C3000 strain; for LR1_PAO1, we used the Pseudomonas
aeruginosa PAO1 strain; for the Phi 6 phage, we used the
Pseudomonas syringae DSM 21482 strain (obtained from
German Collection of Microorganisms and Cell Cultures,
Braunschweig, Germany). All the examined phages were
suspended in the TM buffer solution (with or without the
addition of CR) to reach the initial concentration of 10° PFU
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ml™ (plaque-forming units per milliliter). Every prepared
specimen was incubated at 4 °C for 24 h.

After 24 hours of incubation, titration was performed by a
droplet test on double-layer LB-agar plates. The top-agar layer
contained host cells of E. coli BL21 (T1, T4, T7 phages), E. coli
C3000 (MS2, M13 phages), and P. aeruginosa PAO1
(LR1_PAO1), or P. syringae DSM 21482 (Phi 6) strains. After
the incubation with CR, a droplet test was performed by
placing at least eight droplets (5 ul each) of each phage
suspension on the top-agar layer.

The remaining bulk of each sample was transferred to
sterile glass Petri dishes (90 mm diameter). The use of plastic
Petri dishes might cause the generation of oxygen radicals
from plastic elements,*® cause the uncontrolled adsorption of
phages,”” and thus affect the results of the experiments.
Irradiation was performed by placing glass Petri dishes inside
a UV chamber (CL-1000 Ultraviolet Crosslinker, UVP; 5 x 8 W,
254 nm UV) for 1 minute or 60 minutes (depending on the
experiment) with plates positioned 15 cm from the radiation
source.

The second titration took place after all the samples were
exposed to UVC radiation (ca. 100-280 nm wavelength) for 1
minute. A total bacteriophage count was performed after
either 4-5 hours (for T1 and T7) or overnight incubation (for
MS2, M13, T4, and LR1_PA01 and Phi 6). All experiments
were performed in triplicate.

2. Bacteria protection against UV

E. coli BL21 (obtained from the Institute of Biochemistry and
Biophysics in Warsaw, Poland) and P. aeruginosa PAO1
(obtained from the collection of the Institute of Physical
Chemistry PAS) were used as representatives of Gram-
negative strains. Listeria monocytogenes EGDe (obtained from
the University of Warsaw Biological and Chemical Research
Centre in Warsaw, Poland) and Enterococcus durans PCM1857
strains (obtained from Polish Collection of Microorganisms)
were used as Gram-positive bacteria representatives. The
bacteria were cultured according to the standard protocols.
The single colony from the culture on the LB agar (E. coli, P.
aeruginosa, E. durans) or BHI agar (L. monocytogenes) plate
was inoculated into 10 ml of LB or BHI medium and then
incubated at 37 °C in an orbital shaker (220 rpm) for ca. 16
hours (overnight culture). Next, the overnight cultures were
refreshed by adding 7.5 ml of fresh LB or BHI medium to 2.5
ml of overnight culture and incubated for one hour at 37 °C.
Then, the refreshed cultures were both diluted with LB or
BHI medium to reach an optical density of around ODgg =
0.8 for E. coli (this value corresponds to about 6 x 10° CFU
ml™ (colony-forming units per ml)) or ODgyo = 0.9 for P.
aeruginosa (which corresponds to about 2.5 x 10° CFU ml ™),
ODgo = 1.06 for L. monocytogenes (this value corresponds to
about 1 x 10" CFU ml™), or ODgq = 0.65 for E. durans (this
corresponds to about 0.5 x 10'® CFU ml™). After that, the
bacteria were diluted in 0.9% NaCl solution or 0.9% NaCl
with 1% Congo red (w/v) to reach the initial concentration of
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10* CFU ml'. Before 24 hours of incubation at room
temperature with shaking (400 rpm), 100 uL of each solution
was taken to be cultured on LB or BHI agar plates. After
incubation, another 100 pL of bacteria solution was cultured
on LB or BHI agar plates to investigate if Congo red affected
bacterial growth. The remaining samples were transferred to
sterile glass plates and exposed to UV-C radiation for a
particular period (1 minute) inside the UV chamber (CL-1000
Ultraviolet Crosslinker, UVP; 5 x 8 W, 254 nm UV). After the
exposure, 100 pl of the bacterial solution was cultured on LB
or BHI agar plates. In each case, the plate count method was
used to determine the viability of the bacteria.

Finally, a mixture of the LR1_PA01 bacteriophage and E.
coli BL21 bacteria was prepared. The initial concentration
of the LR1_PAO1 phage in the TM buffer was about 10°
PFU ml?, and the initial concentration of E. coli in 0.9%
NaCl was about 10° CFU ml . The experimental set also
contained 1% of Congo red. After the preparation, 100 pL
of each mixture was cultured on LB-agar plates. A droplet
test was performed simultaneously - eight droplets (5 pl) of
the mixtures diluted 1, 10, and 100 times were deposited
on double-layer LB-agar plates with P. aeruginosa PAO1
bacteria (the host bacteria for the LR1_PAO1 phage) in the
top-agar layer. The mixtures were incubated at room
temperature with shaking (400 rpm) for 24 hours. After
that, droplet and plating tests were performed, and then
the bacteria and phages were exposed to UV radiation for 1
minute. After the exposure, the droplet and plating tests
were performed again. All experiments were conducted in
triplicate.

3. Yeast stabilization against UV

The Saccharomyces cerevisiae WT (wild type) strain (obtained
from the Institute of Biochemistry and Biophysics in Warsaw,
Poland) was used as an example of yeasts. The yeasts were
cultured according to the standard protocol. The single
colony from the culture on a YPD agar plate was inoculated
into 10 ml of YPD medium and then incubated at 37 °C in
an orbital shaker (220 rpm) for ca. 16 hours (overnight
culture). Next, the overnight cultures were refreshed by
adding 7.5 ml of fresh YPD medium to 2.5 ml of overnight
culture and incubated for one hour at 37 °C. Then, the
refreshed cultures were diluted with YPD medium to reach
an optical density of ODgoy = 0.75, corresponding to a
concentration of about 1 x 107 cells per ml. Afterward, the
yeasts were diluted in 0.9% NaCl solution or 0.9% NaCl with
1% Congo red (w/v) to reach the initial concentration of 10°
cells per ml. Before 24 hours of incubation at room
temperature with shaking (400 rpm), 100 uL of each solution
was plated onto YPD agar plates. After incubation, another
100 pL of S. cerevisiae solution was taken to be cultured on
YPD agar plates to investigate if CR affected yeast growth.
The samples were transferred to sterile glass plates and
exposed to UVC radiation for 1 minute inside the UV
chamber (CL-1000 Ultraviolet Crosslinker, UVP; 5 x 8 W, 254

This journal is © The Royal Society of Chemistry 2023
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nm UV). Exposure conditions were the same as those in the
phage and bacteria experiments. After the exposure, 100 pl of
the yeast suspension was plated onto YPD agar plates. In
each case, the plate count method was used to determine the
viability of the yeasts. All experiments were performed in
triplicate.

4. UV-vis spectral analysis

UV-vis spectra were obtained using an Evolution 220 UV-
visible spectrophotometer (Thermo Scientific, Waltham,
Massachusetts, USA). All Congo red samples were diluted 100
times just before the measurement. Measurements were
performed in quartz cuvettes (10 x 10 mm, Hellma). During
all measurements, wavelengths from 200 nm to 800 nm were
examined, with increments of 1 nm.

5. The sterilization of Nylon66 membranes

To simulate the sterilization of the membranes in the
bioreactors, 0.22 um Nylon66 syringe filters were used. First,
refreshed E. coli BL21 (DE3) GFP (ODgyy = 1.23) or P.
aeruginosa PAO1 (ODgqo = 0.82) was diluted in 0.9% NacCl to
obtain the concentration of bacteria about 10* CFU m1™". The
Nyloné66 filters were flushed with 5 ml of bacterial cultures
diluted in 0.9% NaCl using a syringe. The same sample was
flushed through the filter twice. Then, the filters were filled
with 1 ml of the following samples: 1) control (just TM
buffer); 2) TM buffer and 15 minutes of UV exposure; 3) TM
buffer and T4/LR1_PA01 phages (10° PFU ml™"); 4) TM buffer
and Congo red; 5) TM buffer, T4/LR1_PA01, and UV; 6) TM
buffer, CR and UV; 7) TM buffer, T4/LR1_PA01, and CR; 8)
TM Dbuffer, T4/LR1_PAO1, CR, and UV. The final
concentrations were around 10> PFU ml™ of T4/LR1_PA0O1
phages and 0.1% CR. The samples were incubated for 15
minutes at room temperature and then exposed for 15
minutes to UV radiation within the laminar hood (Thermo
Scientific MSC-ADVANTAGE; 36 W, 254 nm UV).

To recover bacterial cells, the filters were washed with 1
mL of 0.9% NaCl solution. The number of bacteria was
estimated by the plating method. 100 ul of each bacterial
solution (diluted 1 and 10 times) was cultured overnight on
LB-agar plates containing kanamycin (10 mg ml™) at 37 °C.
After the incubation, colonies were counted. For both control
samples, a concentration of about 5 x 10* CFU (i.e., 5 ml of
10 CFU ml™" suspension) was introduced, while
approximately 4.8 x 10" CFU was recovered. Student's t-test
was performed to evaluate whether observed differences were
statistically significant (* p < 0.05; ** p < 0.01; *** p <
0.001). The experiment was conducted in triplicate.

Results & discussion
1. Bacteriophage, bacteria, and yeast exposure to UV

First, it was verified if 1 min of UV irradiation (254 nm, about
360 mJ cm?) was enough to fully deactivate all studied
bacteriophages. To cover various types of phages, T1, T4, T7,
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MS2, Phi 6, M13, and LR1_PAO1 were studied. The energy
used was similar to the case of the standard sterilization
protocol.

Bacteriophage Phi 6 was inactivated during the incubation
with CR even before irradiation. When CR was added to the
phage suspension, a minor (T4, T7) or no (T1, LR1_PA01,
MS2, M13) decrease in the phage titer was observed upon 1
minute of UV irradiation. The decrease in the phage titer by
about 1log for the LR1_PA01 phage was the biggest among
all examined phages (Fig. 1A).

Gram-negative bacteria (E. coli BL21, P. aeruginosa
PAO1), Gram-positive bacteria (L. monocytogenes EGDe, E.
durans PCM 1857), and yeast (S. cerevisize WT) were also a
part of this study. CR alone did not affect the bacteria
species (neither Gram-negative nor Gram-positive). P.
aeruginosa appeared more resistant to UV compared to the
other studied microorganisms. 1 minute UV irradiation
caused only around 3log deactivation of P. aeruginosa
compared to complete deactivation (5log to 6log decrease)
of E. coli, L. monocytogenes, E. durans, and S. cerevisiae. We
also observed the elimination of S. cerevisiae caused by the
incubation in CR, even without UV. The dye did not protect
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Fig. 1 The effect of UV (1 minute), Congo red (1%), and both UV and
Congo red on (A) T1, T4, T7, LR1_PAO1, MS2, M13, and Phi 6, (B) E. coli,
P. aeruginosa, L. monocytogenes, E. durans, and S. cerevisiae. CR
protects non-enveloped phages against UV but deactivates Phi 6 even
without UV irradiation. Gram-negative bacteria (E. coli, P. aeruginosa)
were not protected against UV. L. monocytogenes and E. durans were
capable of surviving exposure to UV when CR was added. For S.
cerevisiae, the presence of the dye itself was lethal. C) CR provides
selective protection against UV to bacteriophages but not Gram-
negative bacteria. A mixture of the LR1_PAO1 bacteriophage and non-
host bacteria (E. coli) was exposed to UV (1 minute), CR (1%), and the
mixture of UV and CR. After the exposure, bacterial cells presented a
100% mortality, while the number of active LR1_PAO1 phages did not
change. D) CR protected T4 phages against UV, whereas other dyes
(crystal violet, eriochrome black T, methyl orange, thymol blue, and
phenyl red) did not. Please note that in the whole figure, the lack of
drawn bars corresponds to the plaque-forming units and colony-
forming units below the detection limit, i.e., around 25 PFU ml™ and
10 CFU ml™, respectively.
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the Gram-negative bacteria against UV. The UV irradiation
effect was very similar with and without CR. Meanwhile,
CR provided almost complete protection against UV to the
Gram-positive bacteria (both L. monocytogenes and E.
durans) (Fig. 1B).

In the next step of this experiment, the phages were
exposed to UV radiation for an extended time (60 minutes).
All non-enveloped phages (T1, T4, T7, LR1_PA0O1, MS2, M13)
were protected against UV irradiation, yet the extent of
protection varied slightly. In the case of M13, MS2, T4, and
T7, the titer decreases were minimal. For T1, the decrease
was around 0.5log, whereas for environmental phage
LR1_PAO1 it was around 1log (ESL Fig. S1).

To verify if the protective properties of CR depend on the
phage titer, T1, T4, T7, LR1_PA01, MS2, and M13 at
concentrations of 10%, 107, and 10° PFU ml™* were exposed to
1 minute of UV irradiation. Even at such high concentrations,
1 minute of exposure to UV was enough to inactivate non-
protected phages to below the detection limits regardless of
the initial concentration (up to 8log). The protective
properties of CR seem to be independent of the phage
concentration. The survival rate in samples protected by CR
was similar to the concentration of about 10> PFU ml™* (ESL}
Fig. S2). That is, the decreases were up to about 1 log.

Next, a mixture containing both the phage (LR1_PA01)
and its non-host bacteria (E. coli) was prepared. This
experiment was designed i) to prove the selectivity of CR
towards phages and not bacteria and ii) to check if bacteria
affected the phage-protective properties of CR. UV irradiation
caused the complete deactivation of all bacteria cells (around
10° CFU ml™ of E. coli) with and without CR. LR1_PA01
became deactivated by UV without CR but was fully protected
in the presence of CR. The amount of active LR1_PA0O1
phages was approximately the same as before the irradiation
(Fig. 1C).

Moreover, five more dyes were tested to verify the
uniqueness of CR as a phage protectant. For this experiment,
two other azo dyes (eriochrome black T and methyl orange)
and three representatives of triphenylmethane dyes (crystal
violet, thymol blue, and phenol red) were chosen (Fig. 1D).
All of them are pH indicators used in cell biology
laboratories. Titration tests revealed that only CR had
bacteriophage protective properties against UV. In contrast,
thymol blue and phenyl red caused the decrease of viral titers
after 24 h incubation compared to the control sample and
other tested compounds.

To verify the lowest effective dose of CR protecting against
UV irradiation, bacteriophages were pre-incubated with the
dye. The concentrations varied from 0.001% to 2%. The
samples were exposed to UV radiation for 1 minute (the same
parameters as in previous experiments). Data were fitted
using the Hill equation to find ECs, i.e., the concentration
that provides 50% protection. The ECs5, was between 0.60%
and 1.17% for all the phages (Fig. 2). The lowest
concentration of CR, allowing any virions to survive, was
about 0.1%.
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Fig. 2 The survival rate of T1, T4, T7, LR1_PAO1, M13, and MS2
bacteriophages after 1 minute of UV irradiation as a function of the CR
concentration is presented. Data were fitted using the Hill equation.
The lower-limiting concentration turned out to be 0.1%. The ECsq was
between 0.60% and 1.17% for all the phages.

2. The mechanism of protection

UV-vis allowed for insight into the mechanisms of CR
protective action. CR appeared stable in water after 24 hours
of incubation or even after 120 min UV irradiation (Fig. 3A).
Two leading bands in the spectra of CR in water, ca. 345 nm
and 500 nm, correspond to m-m* transitions in the amino
and azo groups, respectively.®® The absorbance of these
bands did not significantly decrease upon UV irradiation
(254 nm + 365 nm; 8 W).

In PBS, the absorbance decreased slightly over time (ESL
Fig. S5B), whereas UV irradiation didn't cause significant
changes in the spectra (Fig. 3A). In the TM buffer, dramatic
changes were observed within only 20 minutes, even without
UV irradiation (ESL} Fig. S5C). The absorbance decreased
over 60 minutes, and the maximum shifted from 490 nm to
about 580 nm while the spectrum changed its shape.
Consecutive UV irradiation caused only slight changes
(Fig. 3B). Partial precipitation of reddish sediment in the TM
buffer occurred. Concentrated samples of CR in TM buffer
(i.e., 0.5 mg ml™") were turbid, in contrast to clear solutions
of the same concentration in ultrapure water and PBS. The
changes in the UV-vis spectra of Congo red in TM buffer
upon storage (without UV irradiation) were due to the
presence of divalent cations. The complexation of Mg>" with
CR explained the presence of the isosbestic point (~580 nm).

This journal is © The Royal Society of Chemistry 2023
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Fig. 3 Changes of CR solutions induced by UV exposure or the
presence of bacteriophages. The degradation of CR suspended in (A)
water and (B) TM buffer; due to UV irradiation (254 nm + 365 nm; 8 W)
after 30 minutes, 60 minutes, 90 minutes, and 120 minutes of
exposure. Solutions were incubated for 1 hour before the irradiation.
C) UV-vis spectra of 1% CR solution in TM buffer with T1, T4, T7, M13,
Phi 6, MS2, and LR1_PAO1 bacteriophages after 1 minute incubation
(normalized for 483 nm), D) UV-vis spectra of 1% CR solution in TM
buffer, with T1, T4, T7, M13, Phi 6, MS2 and LR1_PAO1 bacteriophages
after 24 hours of incubation (normalized for 586 nm). A slight shift in
the maximum absorption (~490 nm — ~500 nm) was observed in
both C) and D).

The further decrease of absorption with time, without
changing the spectrum, probably corresponded to
sedimentation, as described previously.*

TM was proved to have a significant impact on CR. Yet
this could not be overcome by using different buffers (e.g.,
PBS) for phage-related experiments. It is proven that most
phages require magnesium cations for appropriate
infectivity.'” Phage DNA polymerases require divalent cations
(Mg®* or Mn*") as the cofactor.”® Without Mg>", the
multiplication of phages is much slower than that under the
same conditions (temperature and rate of infection, ie.,
number of phages per single bacterial cell; ROI).**

Knowing the effects of the buffer constituents on CR, it
was verified if the presence of bacteriophages caused changes
in the UV-Vis spectra of Congo red. The measurements were
conducted after 1 minute or 24 hours of incubation of phages
in 1% Congo red solution in TM (Fig. 3C and D) and PBS
buffers (ESLi Fig. S5H and I). Phages alone in buffers (TM
and PBS) absorb light only in a region below 250 nm.*?
Hence phage capsids are exclusively made of proteins, and
the proteins generally absorb wavelengths of about 230 nm
and 260 nm.** The bacteriophage spectra are not distinct; the
absorption of radiation lies only in the range of 230-280 nm;
this range is specific for the absorbance by proteins and
nucleic acids.*> When phages were mixed with CR and
incubated for 1 minute, a minor shift of the maximum CR
absorption was observed from around 490 nm to 500 nm.

This journal is © The Royal Society of Chemistry 2023
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Also, significant changes in the shape of the CR spectrum
appeared in the region between 500 nm and 800 nm. A
similar shift was observed for CR in protein suspension®®
(ESL} Fig. S7A and B) or in the presence of amyloids."”*®

CR-protein complexes are highly stable, and CR is
believed to interact on multiple sides with proteins.*’ These
features suggest that CR interacts with phage virions by
binding. The general shape of the spectrum was similar after
24 hours with and without phages, but the overall absorption
intensity was much higher when phages were present. The
fact that the shift was still present (although shifted to about
600 nm) suggested that the complex of CR and Mg®" might
be bound to phage protein capsids. We performed
spectrophotometric titration and estimated the binding
constant between CR and T4 virions to be around 1.28 x 10*
dm?® mol™ (cf. ESIY).

3. Membrane sterilization

For the membrane sterilization protocol, the combination of
bacteriophages (LR1_PAO1 or T4), UV radiation, and Congo
red was used. Nylon66 syringe filters were used as a model
for sterilization of bioreactor membranes suffering from
bacterial biofouling. The contamination of the membranes
was simulated with P. aeruginosa PAO1 (Fig. 4A) or E. coli
BL21 (DE3) GFP bacteria (Fig. 4B). First, the efficacy of only
bacteriophages and only UV against biofouling was verified.
Both factors caused a statistically significant decrease in
bacteria by around 0.5log to 1log. Sterilization with only
bacteriophages (from 7 x 10* to 5 x 10* CFU ml™; from 3 x
10* to 2 x 10* CFU ml™ for T4) was less effective than
sterilization by UV (from 7 x 10* to 2 x 10* CFU ml™%; from 3
x 10* to 3 x 10> CFU ml™). Next, we simultaneously used
phages and UV. For T4, the effect was slightly better than
using only UV (from 3 x 10* to 1.5 x 10° CFU ml™). For
LR1_PAO1, the difference was much more significant (from 7

A) P. aerugir

on Nyloné6 B) E. coli on Nylon66 membranes
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Fig. 4 The comparison of the efficiency of bacteriophages, UV
radiation, Congo red dye, and their combinations for sterilizing
Nylon66 syringe filters from bacterial infections, A) LR1_PAO1
bacteriophage against P. aeruginosa PAO1l and B) T4 bacteriophage
against E. coli BL21 (DE3). Phages themselves caused the reduction of
the number of bacteria by about 50% (0.5log). UV caused about 1log
reduction of both bacteria species, while Congo red did not affect the
studied bacteria. The combination of phages, UV, and Congo red
resulted in a decrease in the number of both P. aeruginosa and E. coli
below the detection limit (around 10 CFU ml™%; * p < 0.05; ** p <

0.01; *** p < 0.001).
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x 10* to 4 x 10> CFU ml™). This was expected, as unprotected
phages were deactivated by irradiation. Next, CR was
introduced to the mix. There were no significant differences
between UV and UV + CR, nor between phages and phages +
CR. However, a combination of all three components, i.e., UV
+ phages + CR, resulted in the complete eradication of both
E. coli and P. aeruginosa bacteria (i.e., from 3 x 10* CFU ml™
to below the detection limits of the plating method ~10 CFU
ml ™). The total cleaning time was about 30 minutes, which
provided added value to the UV- and phage-based
sterilization protocol.

4. Discussion

Phages were exposed to a dose of UV radiation of
approximately 6 mJ cm™ s, similar to the standard dose of
energy used in laminar hoods for their sterilization. All
studied phages were completely deactivated by 1 minute UV
irradiation (around a 6log decrease in the number of active
phages). Meanwhile, non-enveloped phages (T1, T4, T7,
LR_PA01, MS2, M13) dispersed in 1% Congo red in TM buffer
(ECs values were between 0.60% and 1.17% for all phages)
presented only a reasonable (no larger than one order of
magnitude decrease) or no inactivation at all (Fig. 1).
Remarkably, CR protected non-enveloped phages from much
larger irradiation times - even after 60 minutes of irradiation,
the titer decreases were only around 1 log (ESLf Fig. S1). This
protection appears regardless of the initial concentration of
phages up to around 10° PFU ml" (ESL} Fig. S2). The
versatility of the developed approach was proved using the
LR1_PAO1 phage, i.e., an environmental isolate.

CR did not affect the fitness of bacteria (neither Gram-
positive nor Gram-negative) but caused the complete
eradication of yeast cells. This was in line with the paper by
Suzuki et al., who proved the antifungal properties of Congo
red. The authors showed that the dye binds to the beta-
glucans in the chitin cell wall, prohibiting further chitin
synthesis. This causes improper cell separation and the death
of both mother and daughter cells.”*"

Two limitations of CR application were identified: CR had
a negative impact on enveloped phages (in our case, Phi 6)
and provided UV protection to Gram-positive bacteria. Both
these limitations are not severe, as i) enveloped phages are
relatively uncommon,* and ii) Gram-negative strains that
form biofilms are a much more significant problem for
water-related research and MBR operation,>** compared to
bacterial biofilms of Gram-positive bacteria (Enterococcus
faecalis, Staphylococcus aureus, Viridans group Streptococci).>
Also, Gram-negative bacteria are much more commonly used
in biotechnology and industry.>®

Enveloped phage Phi 6 was deactivated by CR even
without UV. CR is known to have detergent-like properties.’”
Detergents were reported to destroy membranes and vesicle
lipid structures.’® Destabilization of the phage envelope
reduced the infectivity.”® This hypothesis was confirmed in
our case by comparing the effect of 1% CR and 1% solution
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of a well-known surfactant - sodium dodecyl sulfate (SDS).
SDS inactivated Phi 6 (enveloped phage) but not T4
(representative of non-enveloped phages) (ESIL} Fig. S3 and
S4), exactly as CR did.

CR did not provide any protection to the Gram-negative
bacteria against UV irradiation. However, the Gram-positive
bacteria were fully protected. L. monocytogenes is well known
for its resilience to adverse environmental conditions,
including low temperatures,®® high concentrations of salt,®!
and UV-C radiation.®® However, the survival of E. durans cells
was most unexpected. According to the literature, for some
bacteria, wall teichoic acids (WTAs) might be essential for the
survival of the Gram-positive bacteria in the presence of
Congo red.*® This report, along with our results, suggested
that WTAs bind CR molecules at the surface of the bacterial
cell, providing protection against UV.>°

Two possible mechanisms explaining CR protection
against UV were analyzed. The first scenario did not assume
any specific interactions between CR and virions. The dye
present in the solution absorbed some of the UV radiation.
Bacteriophages and bacteria were still exposed, but the
energy that reached them decreased. Because bacteriophages
are much smaller than bacteria and yeasts, they absorb
smaller, sublethal radiation doses. Hence, this mechanism
was termed a ‘microbial shield’. The second scenario
assumed the interaction between CR and the phage virions.
The dye molecules bound to the surface of the virion
absorbed UV radiation and dissipated the excess energy.®®> CR
present at the surface of the capsid absorbed a significant
amount of radiation, so the viral genome was effectively
exposed to smaller doses than objects without a CR protective
layer. This mechanism was named a ‘molecular sunscreen’
(Fig. 5).

Evidence suggested that the ‘molecular
mechanism was a more plausible explanation.

i) Among tested dyes, only CR shows any protection
against bacteriophages, even though almost all of these dyes
absorb the radiation of the used wavelength, i.e., 254 nm
(ESL} Fig. S6A and B). Therefore, there should be some local

sunscreen’

»Microbial shield”
mechanism

»Molecular sunscreen”
mechanism

Pristine virus

Fig. 5 Schematic illustration of possible mechanisms of UV-protective
properties of Congo red for non-enveloped viruses. The ‘molecular
sunscreen’ mechanism appears appropriate based on the experiments
(T1, T4, T7, MS2, M13, and LR1_PAO1).
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increase in the concentration of CR, presumably due to
interaction with protected entities, which was not present
between virions and other studied dyes.

ii) The shifts in the UV-vis spectra of CR incubated with
bacteriophages (225 — 230 nm and 490 — 500 nm)
(Fig. 3C and D) were directly observed. Based on the
literature*”*® and experimental results, this shift was
interpreted as the binding of CR molecules to viral particles.
The same shift was observed in CR solutions containing 10
ug ml™ human serum albumin (ESL;} Fig. S7A and B). Also,
similar shifts in the UV-vis spectra were reported for CR
binding to B-amyloid fibers.*® For globular proteins (e.g.,
bovine serum albumin, similar to HSA), an additional shift
was observed in the UV spectrum towards 225-230 nm.*>**

iii) CR deactivated Phi 6 (even without UV), thus proving
that it indeed interacted with virions. Observations i) to iii)
fit the results of Shapiro and co-workers,"® who described the
protection against UV irradiation provided by CR to
Lymantria dispar (L.) nuclear polyhedrosis virus (LAMNPV)
(Baculoviridae, a group of viruses infecting insects)."® In this
study, the authors observed a similar effect for another
baculovirus - Heliothis zea (Boddie), a singly embedded
nuclear polyhedrosis virus (HzSNPV).”> NPVs are different
from ‘regular’ virions, as they are embedded within the
protein polyhedrin matrix. It is most likely that Congo red
bound on the surface of baculoviral occlusive bodies, locally
accumulating CR molecules. This phenomenon might protect
virions within the matrix. Eukaryotic viruses without such
structures were unaffected or even deactivated by CR.****

iv) Gram-positive bacteria were protected by CR against
UV, and Gram-negative bacteria were not. This was because
of the accumulation of CR at the surface of Gram-positive
bacteria due to interaction with cell wall components.*® This
property is exploited in other bacteria-related studies; for
instance, CR agar is routinely used to identify biofilm-
forming bacterial strains, e.g., S. aureus.®®

v) Spectrophotometric titration of CR solution with T4
bacteriophage suspension proved a correlation between the
increase of absorbance (wavelength = 600 nm) and the
increasing concentration of bacteriophages (ESI;f Fig. S8).
The analysis of these results using Scatchard's method®”
suggests that the complexation of CR with phage protein
occurs in the tested range of bacteriophage concentration.
The estimated value of the binding constant between CR and
T4 phages is approximately 1.28 x 10* dm® mol™. This value
is lower than the binding constant of CR and bovine serum
albumin (BSA), ie., 1.947 x 10° dm® mol".** The lower
binding constant between CR and virions compared to CR
and the model protein (BSA) was expected and might be
explained by the varying amino acid composition of viral
proteins or geometrical restrictions — in the experiments with
free BSA, the complex formation is not hindered by any
neighboring macromolecules (proteins or nucleic acids) as in
the case of virions.

All these findings were used to fight biofouling. We tested
0.22 pm Nylon66 syringe filters contaminated with P.
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aeruginosa and E. coli (Fig. 4A and B, ESLj Fig. S9) as a
simplified model of bioreactor membrane biofouling. The
efficacy of bacteriophages, UV, CR, and their combinations
against bacteria embedded on the membrane surface was
examined in this design. Depending on bacterial species,
differences in the efficiency of examined factors may occur,
e.g., E. coli was more sensitive to just UV exposure, while P.
aeruginosa presented increased sensitivity to the combination
of phages and UV. Nevertheless, in this study, combining all
three factors of the ‘cleaning mixture’, i.e., a combination of
phages, UV radiation, and Congo red, was effective for
membrane sterilization from both bacterial contaminations
within just 30 minutes. However, in a complex system like
biofilms, as presented by Scarascia et al.,'® the total time of
sterilization and its efficacy might differ due to the
differences in laboratory-scale methods and their field
applications.®®

The proposed method for membrane sterilization doesn't
affect the integrity of the membrane, which was proven with
optical microscopy examination (ESL} Fig. $10). The remains
of the dye after the cleaning procedure can be efficiently
removed from the membrane by rinsing it with water.
Estimation suggests that about 4 liters of water per m” of the
membrane, divided for six rinses, would be enough for
removing the remains of CR to the values undetectable with
spectroscopic techniques (ESI;f Fig. S11 and S12).

The ‘cleaning mixture’ reusability was also proven for the
T4 phage. Hence the T4 phage is a representative of the most
widely distributed (and frequently used) type of
bacteriophage belonging to the Caudovirales order. It is most
probably the ‘cleaning mixture’ containing other phages that
could also be reused. The sterilization efficiency drops
significantly after the second cycle (ESL} Fig. S13).
Nevertheless, this clear advantage saves money (estimated
costs of simultaneous sterilization with bacteriophages and
UV is about 50% lower compared to the sterilization with just
UV, see the ESIT), operation time, and labor. This allows
using the same ‘cleaning mixture’ to disinfect tandem
operational units in larger foundries.

Conclusions

The combination of phages, Congo red, and UV radiation
was successfully applied to sterilize membrane filters
simulating bioreactors. The addition of CR allowed for the
simultaneous action of UV and phages. The dye acted as a
‘molecular sunscreen’, protecting phages but not Gram-
negative bacteria from harmful irradiation. Its antifungal
properties against yeasts provide additional value for
sterilization purposes. All these findings allowed us to
propose the sterilization protocol requiring only about 30
minutes. The method is adequate for non-enveloped phages
and Gram-negative bacteria. The additional component, i.e.,
CR, is cheap and has relatively low cytotoxicity (comparable
to caffeine). Moreover, the ‘cleaning mixture’ can be reused,
and ultimately CR can be removed from the aqueous
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solutions using the previously described protocol.®””" This
would potentially allow limiting the use of chemicals for
bioreactor membrane sterilization and, therefore, the risk of
the release of chemicals into the environment.

The presented study is the first attempt to investigate
the effect of Congo red on bacteriophages. CR protected
non-enveloped phages (including environmentally isolated
phages) but deactivated the enveloped Phi 6 phage. For
the explanation of the CR effect on different viruses, the
‘molecular sunscreen’ mechanism, ie., CR bound to
virions providing local protection, was proposed and
confirmed during the experiments. There were no specific
interactions between CR and Gram-negative bacteria,
which remained unprotected and vulnerable to both UV
and phages.
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