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Viral infections caused by bacteriophages, i.e., viruses that kill bacteria are one of the most dangerous and
common threats for bacteria-based bioreactors. More than 70% of biotechnology companies have
admitted to encountering this problem. Despite phage infections being such a dangerous and widespread
risk, there are no effective methods to avoid them to date. Herein, we present a novel technology based
on nanoparticles that irreversibly deactivates bacteriophages and is safe for bacteria. Our method allows
for the unsupervised protection of bacterial processes in the biotechnology industry. Gold nanoparticles
coated with a mixture of negatively charged 11-mercapto 1-undecanesulfonic acid (MUS) and hydro-
phobic 1-octanethiol (OT) ligands are effective at deactivating various types of Escherichia coli-selective
phages: T1, T4, and T7. The nanoparticles can lower the titer of phages up to 2 and 5 logs in 6 and 24 h at
50 °C, respectively. A comparative analysis of nanoparticles with different ligand shells illustrates the
importance of the combination of negatively charged and hydrophobic ligands that is the key to achieving
a good inhibitory concentration (ECso < 1 pg mL™) for all tested phages. We show that the nanoparticles
are harmless for the commonly used bacteria in industry Escherichia coli and are effective under con-
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Introduction

Bacteria-based processes are some of the most important in
biotechnology and dominate a number of branches of food
and agriculture industries. A great number of biotechnology
companies exploit the natural metabolic properties of bacteria
to produce drugs, vaccines, antibiotics, probiotics, insecti-
cides, dairy products, enzymes, organic acids, fuels, and sol-
vents." Events that lead to the closure of bacteria-based fac-
tories result in a large economic burden. One of the most
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ditions simulating the environment of bioreactors.

dangerous and common factors is infections caused by bac-
teriophages, i.e., viruses attacking and killing bacteria. In the
dairy industry, 1% to 10% of batches of products are lost to
phages." More than 70% of biotechnology companies have
admitted to encountering this problem."

Even a few virions (viral particles) might contaminate a
whole industrial production vessel and produce up to 10"
progeny phages per mL within a few hours.” Hundreds of new
virions are released from a single infected bacterium within
tens of minutes, thus the fight against phage-based contami-
nations is extremely difficult. Moreover, some phages can
survive high temperatures (e.g., boiling), pasteurization,
organic solvents, drying, and even vacuum.’

Despite phage infections being such a dangerous and wide-
spread risk, to date, there are no effective methods to avoid
and fight them. Although some approaches have been pro-
posed, they are limited by being only preventive (rotation of
bacterial strains®), not very effective (thermal,” UV radiation?),
unsuitable for large volumes (filtration®®), expensive and
overly specific (engineered proteins,”"" phage-resistant
mutants'?) or harmful for bacteria (biocides™"?).

Nanoparticles have a constantly growing number of appli-
cations in biological systems and they were also used to de-

activate phages.*"® Approaches based on silver,>*>* copper

This journal is © The Royal Society of Chemistry 2021
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oxide, titanium dioxide and iron-nickel?® nano-
particles have been proven to be effective in phage de-
activation. However, all of them share one of the two possible
mechanisms of action: production of toxic silver or copper
ions®*? or generation of reactive oxygen species (ROS).>®*’
Both mechanisms are also effective in the deactivation of bac-
teria®® and therefore cannot be used to selectively protect bac-
teria from phages in the biotechnology industry. Only nano-
particles effective in phage deactivation and at the same time
harmless for bacteria can be used in such applications.

Currently, the most commonly applied solution to a bac-
teriophage infection is shutting down the reactor and
thoroughly disinfecting it, which is an operation that takes
days and comes with a significant economic burden. The ideal
solution should provide effective eradication of phages before
infection of the first bacteria. Such an approach would prevent
the most dangerous and difficult scenario: a massive outbreak
that leads to large volumes with high concentrations of
phages.

Here we present anti-phage gold nanoparticles that can de-
activate bacteriophages and at the same time remain harmless
to the bacteria. Negatively charged nanoparticles coated with a
mixture of 11-mercapto 1-undecanesulfonic acid (MUS) and
hydrophobic 1-octanethiol (OT) first attach to phages through
electrostatic forces, and then virions are deactivated by irre-
versible local distortions caused by hydrophobic interactions
(Fig. 1). MUS:OT nanoparticles are effective in conditions
similar to the industrial bioreactors and can prevent the infec-
tion after just 1 h of the preincubation step.
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Results and discussion

Our approach to deactivate phages is based on gold nano-
particles coated by a mixture of negatively charged MUS and
hydrophobic OT ligands. MUS : OT nanoparticles were already
proven to be broad-spectrum antiviral agents against eukary-
otic viruses.® We studied nanoparticles with final ratios of
MUS to OT ligands: 70:30 and 85:15 (Fig. 2a and b). Final
ratios of ligands were calculated from NMR, as provided in the
ESI.{ Nanoparticles were designed to provide deactivation by
initial electrostatic attraction followed by hydrophobic inter-
actions causing local irreversible distortions. Long and flexible
ligands provide multivalent contact between charges of the
nanoparticles and bacteriophage surface. Additionally, we
examined positively charged nanoparticles, coated with TMA
(Fig. 2c). As a control, non-charged particles with tetra(ethyl-
ene glycol) (EG,) ligands were also tested (Fig. 2d). We kept a
similar size of particles and length of ligands to directly
compare the influence of different nanoparticles on phage
virions (Table S17).

Influence of nanoparticles on phages and bacteria

Escherichia coli is not only one of the most commonly used
bacteria in the biotechnology industry, but it is also the best-
studied model bacterium.*"** It is the most common bacterial
species used for the industrial production of biopharmaceuti-
cals and it is also the second most common system to be used
for such a purpose in general.*® Thus, we aimed to effectively
deactivate E. coli-specific phages representing three different

active
virion

active
virion
charged
nanoparticles
MUS:OT

deactivated
virion

Fig. 1 Scheme of the anti-phage activity of the prepared charged nanoparticles. The particles first attach to phages through electrostatic inter-
actions, and then virions are deactivated by irreversible local distortions. Electrically neutral particles remain inert for bacteriophages. Cryo-TEM
images present the deactivating effect of negatively charged nanoparticles coated with a mixture of 11-mercapto 1-undecanesulfonic acid (MUS)
and hydrophobic 1-octanethiol (OT) on T4 phage (blue-magenta box) and lack of such interactions between T4 bacteriophages and non-charged
nanoparticles coated with tetra(ethylene glycol) (EG,4) (grey box) (scale bars, 100 nm).

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 Gold nanoparticles used in this study. Charge of nanoparticles was adjusted by coating with various ligands: (a) mixture of 70% 11-mercapto
1-undecanesulfonic acid (MUS) and 30% hydrophobic 1-octanethiol (OT); (b) mixture of 85% MUS and 15% OT; (c) N,N,N-trimethyl(11-mercaptoun-
decyl)lammonium (TMA); (d) 2-(2-(2-(2-mercapto-ethoxy)ethoxy)ethoxy)ethanol (EG4). For each studied type of nanoparticles, the size distribution
and representative TEM image are presented. All particles had a similar size of around 3 + 1 nm (scale bars, 20 nm).

families: T1 type from Siphoviridae (T1-like phages are causing
the majority of E. coli fermentation failures®®), T4 type from
Myoviridae (one of the best known and well-studied phages®®)
and T7 type from Podoviridae. All of them share a head-tail
structure that is characteristic for more than 95% of all known
bacteriophages,®® thus the obtained results can be applied to
other industrial bacteria-based systems.

As a first test, we incubated bacteriophages with 0.5 mg
mL™" of nanoparticles in TM buffer over three days and ana-
lysed the changes in the number of active phages in time
(Fig. 3a). We applied two temperatures: 37 °C (optimal for bac-
teria growth) and 50 °C, a slightly increased temperature that
is still accepted in many industrial procedures. Since phage
titer measurements include serial dilution steps, all observed
deactivation effects are irreversible (i.e., virucidal).

The most efficient deactivation of phages at both tempera-
tures was obtained for TMA nanoparticles. Drops of active
phages: 2 logs for T7, 3 logs for T4 and up to 6 logs for T1, were
visible already after the first few hours (Fig. 3). Interestingly, an
increase in the temperature from 37 °C to 50 °C did not change
the magnitude of the observed effects. The strongest deactivation

18686 | Nanoscale, 2021, 13, 18684-18694

was obtained for T1, where no active virions were visible after
6 hours of incubation. This is in line with the literature since cat-
ionic compounds were previously reported to be effective in
phage deactivation.’” However, TMA nanoparticles turned out to
be unstable in LB medium and toxic against bacteria E. coli
(Fig. S31),® thus, they were excluded from further tests.

Both studied MUS: OT nanoparticles were effective against
all tested types of phages (Fig. 3). At 37 °C no effect was
observed, and a higher temperature was required to trigger the
deactivation. At 50 °C MUS: OT nanoparticles decreased the
titer of phages by up to two logs in 6 h. After 24 h exposure,
the decrease was up to 5 logs. To determine the lowest amount
of nanoparticles required for effective deactivation, we per-
formed dose-response tests for the best performing nano-
particles (MUS: OT, 85:15) against all three types of phages
(Fig. 3b). Bacteriophages were incubated with various concen-
trations of nanoparticles for 24 h, and then the activity of the
phages was evaluated. The obtained ECs, values (i.e., effective
concentration deactivating 50% of phages) for MUS:OT
(85:15) nanoparticles were in a similar range of 0.2 to 1.2 pg
mL™" for all types of bacteriophages. Since ECs, depends on

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Comparison of the anti-phage effect of the studied nanoparticles. (a) Three types of phages: T1, T4, and T7 were incubated over few days
with 0.5 mg mL™* of various nanoparticles at 37 °C or 50 °C. All charged nanoparticles had a deactivating effect against every tested type of bac-
teriophage. Used as control, electrically neutral nanoparticles coated with EG4 were inert for bacteriophages, which confirmed the importance of
electrostatic interactions. (b) Dose—response of MUS:OT (85:15) nanoparticles on three types of phages. Nanoparticles were incubated with
phages for 24 h at 50 °C. Obtained ECso equaled 0.21 pg mL™, 1.23 ug mL™2, and 0.32 pg mL™ for T1, T4, and T7 phages, respectively. Additionally,
no antibacterial effect was observed against bacteria E. coli (ECso > 0.5 mg mL™) (scale bars, 50 nm).

the time of the exposition, we also checked the ECs, of
MUS: OT (85:15) nanoparticles against phage T4 for various
times of incubation (Fig. 4). 6 h of incubation was enough to
obtain an ECs, of 12.1 ug mL™" (i.e., 80 nM) and extending the
time to 24 h resulted in an ECs, as low as 1.7 pg mL™" (i.e., 11
nM). Finally, we should add that despite being effective
against phages T1, T4, and T7, MUS : OT nanoparticles did not
interact with other types of phages - spherical phages MS2
that lack the complex head-tail structure (Fig. S47).

To check the importance of the electrostatic interactions,
we used nanoparticles coated with ligands that did not bear a
charged group. We could not use non-charged nanoparticles
covered only with aliphatic chains since they are not soluble in
water. Thus, we used nanoparticles covered with tetra(ethylene
glycol) chains, which are also not charged and are soluble in
the water environment. Non-charged EG, nanoparticles
showed no effect in all analysed cases, confirming the impor-
tance of the electrostatic forces.

This journal is © The Royal Society of Chemistry 2021

To evaluate the significance of the hydrophobic inter-
actions, we tested nanoparticles coated only with MUS ligands
(Fig. S51). Lack of OT ligands decreased the hydrophobicity of
MUS nanoparticles. As a result, MUS nanoparticles did not de-
activate any of the three types of phages (Fig. S61) either at
37 °C or 50 °C. These experiments show that the addition of
hydrophobic interactions provided by OT ligands is crucial for
effective deactivation.

The deactivation test was complemented with toxicity
studies against bacteria E. coli BL21. We found that MUS: OT
(85:15) nanoparticles were inert for tested bacteria, and no
influence on their viability was visible in the tested range
(ECso > 500 mg mL™"), with a small influence observed only at
the highest concentration (Fig. 3b and Fig. S77). Therefore, we
showed that MUS:OT nanoparticles have two properties
crucial for the protection of the bacteria-based bioreactors:
effective at bacteriophage deactivation and at the same time
remain harmless for bacteria.

Nanoscale, 2021,13,18684-18694 | 18687
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Fig. 4 Dose responses of nanoparticles MUS: OT (85 :15) against phage T4 for various times of incubation. The right panel presents the depen-
dency of calculated ECsq values on the time of incubation. The molecular weight of nanoparticles was 200 kDa. Error bars on the right panel rep-

resent the 95% confidence interval of fitted ECsq values.

Analysis of the mechanism of action

To better understand interactions between phages and nano-
particles, we focused on the model pair: phage T4 (well-known
and studied phage) and best-performing nanoparticles
MUS: OT (85:15). Bacteriophage T4 has a head-tail structure
that is a characteristic of more than 95% of all known bacterio-
phages,*® and consists of a 115 nm-long, 85 nm wide head,
and a 100 nm-long, 21-diameter contractile tail terminated

a)

24—

hoc, soc, 23 —

Fig. 5

with a 46 nm-diameter baseplate and six 145 nm-long fibres
attached to the baseplate (Fig. 5a). The mature virus is com-
posed of over forty different types of structural proteins,
among which eighteen are exposed to the external
environment.*>*® The majority of these structural proteins are
negatively charged in pH around 7 (i.e., their pI < 7), with the
exception of the ends of fibres, in which pI is higher than 7
(Fig. 5a). Such distribution of charges of phage virions was
developed in the process of evolution. Positively charged fibres

200 nm

(a) Structure of bacteriophage T4. Red or blue colors represent a charge at pH 7.4 that is positive or negative, respectively. The table presents

the isoelectric point (pl) of structural proteins. Panels on the right: cryo-TEM analysis of the interaction between T4 phages and MUS : OT (85 :15)
nanoparticles at various temperatures. T4 bacteriophages were incubated with 0.1 mg mL™ of nanoparticles at (b) 37 °C and (c) 50 °C for 24 h.
Panel (d) presents magnified parts of cryo-TEM images from panel (c). At lower temperatures, negatively charged nanoparticles interacted mainly
with positively charged fibers of bacteriophages (yellow arrows). Unexpectedly, at higher temperatures, nanoparticles decorated collars of T4
phages (magenta arrows). As we have shown in Fig. 3, the latter type of interaction caused the deactivation of phages.

18688 | Nanoscale, 2021, 13, 18684-18694 This journal is © The Royal Society of Chemistry 2021
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are electrostatically attracted to bacteria, which have a nega-
tively charged surface. Detailed information about all analysed
proteins is provided in Table S2.F

We analysed the interactions of phages and nanoparticles
using cryo-TEM imaging. At 37 °C MUS:OT nanoparticles
adsorbed mostly on the positively charged fibres of the bac-
teriophages (Fig. 5b). These interactions were already visible
after 20 minutes of incubation (Fig. S81). As shown in Fig. 3a,
such adsorption does not cause effective deactivation of bac-
teriophages. In comparison, positively charged TMA nano-
particles attached under these conditions to negatively
charged tails of the T4 phage virions, and neutral EG, nano-
particles did not interact with T4 phages at all (Fig. 6). Thus,
we confirmed that at 37 °C, the interactions between phages
and nanoparticles could be predicted based on electrostatic
forces between averaged charges of phage proteins (rep-
resented by their isoelectric point) and charges of nanoparticles.

At a higher temperature of 50 °C we observed that MUS : OT
particles bind to the phages in other parts, ie., collars and
heads (Fig. 5¢ and Fig S9t). Nanoparticles attach mostly to
short fibritin fibres, creating a gold “necklace” visible in cryo-
TEM images. Attachment of gold nanoparticles to the neck
part of bacteriophage T4 seems crucial for effective inhibition
and does not match the simple prediction of electrostatic
interactions based on overall averaged charges. Almost all pro-
teins are composed of both positively and negatively charged
amino acids (Table S2}), and thus have many positive and
negative patches or cavities with which nanoparticles can
interact.”® We should stress that these studies are qualitative
in nature as in TEM one can never be sure that the imaged
viruses were infecting before interacting with the nanoparticles.

Realistic application test mimicking an infected bioreactor

We tested the best-performing nanoparticles (MUS:OT,
85:15) in the real-life application of protection of bacteria
inside a phage-infected bioreactor. We used phage T1, since

MUS:OT
(85:15)

£

Fig. 6

TMA

View Article Online
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T1-like phages are causing the majority of E. coli fermentation
failures.>* First, we incubated 200 pfu mL™ of T1 bacterio-
phages with MUS:OT (85:15) nanoparticles for a given
amount of time at 50 °C to achieve initial deactivation. We
tested two cases: (a) incubation with 20 pg mL™' of nano-
particles for 12 h and (b) incubation with 100 pg mL™" of
nanoparticles for 1 h. Then an inoculum of bacteria E. coli
BL21 was added to such a mixture, and bacteria were cultured
at 37 °C in LB medium with mixing. As controls, samples with
normally growing bacteria and samples contaminated with
non-treated phages were prepared (Fig. 7a). In bacterial cul-
tures infected with phages, the growth of bacteria stopped
after 1.5 h, and all bacteria were infected and killed. However,
in samples protected with anti-phage nanoparticles, no phage
infection was visible, and bacterial culture grew as in control
experiments (Fig. 7b). The 1 h preincubation step was enough
to deactivate all phages and provide a protecting effect of
nanoparticles. Thus, in practical application, after the addition
of nanoparticles to the bioreactor, the only requirement would
be to perform a short preincubation before starting the main
bioreactor process.

Cytotoxicity and practical applications

Utilized MUS:OT nanoparticles were already proven to be
non-toxic for eukaryotic cells in both in vitro and ex vivo
tests.’® Nonetheless, to check the cytotoxicity of the nano-
particles used in this study, we performed MTS assay on Vero
cells after 24 h of incubation with all four types of nano-
particles (Fig. 8). No cytotoxic effect of both MUS : OT and PEG
nanoparticles was visible up to a concentration 1000 pg mL ™.
For comparison, ECjs, of nanoparticles MUS:OT (85:15)
against bacteriophages was in the range of 1 pg mL ™.
Additionally, as expected, positively charged TMA nano-
particles were toxic against tested mammalian cells.

Another important issue is the removal of the nanoparticles
from the final product in downstream processes. Due to the

200 nm

Interactions of various types of nanoparticles with bacteriophages T4 at 37 °C. Negatively charged nanoparticles MUS : OT (85 : 15) attached

to positively charged fibers of phages, positively charged TMA nanoparticles covered negatively charged tails of phages, whereas neutral EG4 nano-

particles didn't interact with virions at all.

This journal is © The Royal Society of Chemistry 2021
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Fig. 7 Protective effect of nanoparticles in the practical application of
bacterial culture contaminated with bacteriophages. (a) Four investi-
gated cases: normal bacterial culture, bacterial growth contaminated
with phages, and bacterial culture infected with phages and protected
by two different concentrations of anti-phage nanoparticles. (b) 200 pfu
mL™? of bacteriophages T1 was preincubated with MUS:OT (85:15)
nanoparticles, and then the starting amount of bacteria was added. The
growth of bacterial cultures was monitored by the measurements of
optical density (ODggo). Contamination of phages caused the eradication
of all bacteria. In the case of the application of protective nanoparticles,
phages were deactivated, no infection was possible, and bacteria grew
normally.

difference in size between nanoparticles (~3 nm) and bacteria
(~1 pm), nanoparticles can be easily separated by filtration on
0.45 pm filters or centrifugation.

Moreover, downstream processing of bioreactor-based pro-
duction of biopharmaceuticals involves steps like cell lysis
(mechanical or enzymatic), nucleic acid degradation, cell-wall
material removal, filtration and final purification via chrom-
atography (e.g., immobilized metal affinity chromatography).**
Such a great number of purification steps provide many possi-
bilities for the effective removal of nanoparticles from the final
product.

18690 | Nanoscale, 2021, 13, 18684-18694
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Fig. 8 Cytotoxic effect of nanoparticles on the Vero cell line. Cells
were incubated with various concentrations of all four types of nano-
particles for 24 h. Then, MTS assay was used to evaluate their viability.

Finally, the mechanism of deactivation of phages with
MUS:OT nanoparticles is based on the interaction with
ligands and is independent of the nanoparticle core.
Therefore, the developed technology is a first step toward
designing better antiphage agents for industrial applications.
The idea presented in our study can be in the future trans-
ferred to other types of nanoparticles, with cheaper and more
biocompatible cores, such as silica or possibly even polymers
or biopolymers.

Conclusions

We believe that the presented approach has the ability to
produce safe, non-toxic, and easy-to-apply solutions for the
phage problem in the biotechnology industry. To date, nano-
particles designed to deactivate phages were based on the
generation of silver/copper ions or ROS - mechanisms which
are harmful to all biological species (bacteria, cells, viruses,
and phages). Thus, selective protection of bacteria from
phages was not possible. The presented solution approaches
the problem of phage infection from a completely new per-
spective. For the first time, technology focusing on the protec-
tion of bacteria directly inside the bioreactor is provided. We
prepared anti-phage nanoparticles that were effective in the
environment of bioreactors and were harmless for bacteria
E. coli. The nanoparticles efficiently deactivated all three types
of tested phages at reasonable concentrations, including T1,
which is the most common cause of failure of E. coli fermenta-
tions. The nanoparticles were able to decrease the orders of
magnitude of phages within a few hours. We showed that a
combination of negatively charged and hydrophobic ligands
was the key for effective phage deactivation with good inhibi-
tory concentration (ECso < 1 pg mL™"). The best-performing
nanoparticles MUS:OT (85:15) require just a 1 h preincu-
bation step at 50 °C to fully deactivate T1 phages and protect
bacteria E. coli in an environment similar to the inside of the
bioreactor.

This journal is © The Royal Society of Chemistry 2021
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Experimental
Synthesis of MUS : OT nanoparticles

The 11-mercapto 1-undecanesulfonic acid (MUS) ligand was
synthesized according to the procedure reported by
Cendrowska et al. and Guven et al.**** Nanoparticles (NPs)
were synthesized via the method developed by Zheng et al**
later modified by Verma et al.*® First, gold salt (HAuCl,-3H,0;
0.9 mmol) and both ligands (0.9 mmol in total) were dissolved
in ethanol (220 mL) and mixed for 15 min. The feed ratio
between MUS and 1-octanethiol (OT) ligands was 1:1 and
2:1, for MUS:0OT (70:30) and MUS:OT (85:15) nano-
particles, respectively. Then, sodium borohydride (NaBH,;
50 mmol) dissolved in ethanol (200 mL) was added dropwise
to the mixture upon mixing for over 2 h. The reaction was con-
tinued for an additional 24 h. Precipitated nanoparticles were
then washed by centrifugation using ethanol and finally puri-
fied with MilliQ water on Amicon® Ultra-15 centrifugal filter
devices (10k or 30k NMWL). The particles were then sus-
pended in a small amount of water (~2 mL) and freeze-dried.
The molecular weight of nanoparticles was calculated as
shown in the ESIL.}

Synthesis of TMA nanoparticles

N,N,N-Trimethyl(11-mercaptoundecylJammonium (TMA)
ligands and NPs were prepared according to the procedure
reported by Cendrowska et al’®> To prepare nanoparticles,
chloro(triphenylphosphine)gold(i) (0.56 mmol) and the TMA
ligand (1.2 mmol) were dissolved in ethanol : toluene mixture
(1:1, 230 mL). After 10 min of stirring, borane tert-butylamine
complex (1.5 mmol) dissolved in an ethanol: toluene mixture
(1:1; 20 mL) was added. The reaction was continued at 125 °C
(800 rpm) for 1.5 h. Afterward, the volume was decreased in a
rotary evaporator, which caused the precipitation of NPs.
Nanoparticles were then washed by centrifugation using
diethyl ether and toluene and finally purified with Milli-Q
water on Amicon® Ultra-15 centrifugal filter devices (10k or
30k NMWL). The particles were suspended in a small amount
of water (~2 mL) and freeze-dried.

Synthesis of EG4 nanoparticles

Gold salt (HAuCl,-3H,0; 0.2 mmol) and 2-(2-(2-(2-mercap-
toethoxy)ethoxy)ethoxy)ethanol (EG,) (0.2 mmol) were dis-
solved in ethanol (20 mL) and stirred for 15 min. Then,
sodium borohydride (NaBH,, 2.5 mmol) dissolved in ethanol
(37.5 mL) was added dropwise to the mixture for over
1 minute. The reaction was continued for an additional 24 h.
Next, Milli-Q water (50 mL) was added to the mixture, and
nanoparticles were washed with Milli-Q water on an
Amicon® Ultra-15 centrifugal filter device (30k NMWL). A
final volume of 3 mL was evaporated on a rotary evaporator.
The remaining nanoparticles were redispersed in an ethanol
and diethyl ether mixture (1:10; 33 mL). The solvent was
removed by centrifugation, and the pellet was dried overnight
under vacuum.
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NPs characterization

Size distribution of NPs was calculated based on TEM analysis.
A drop of NPs (4 uL; 0.1-0.5 mg mL™") was deposited onto a
400-mesh carbon-supported copper grid and left to dry. All
TEM images were acquired using an FEI TALOS™ electron
microscope with an acceleration voltage of 200 kV equipped
with a Ceta CCD camera. Images of the NPs were analyzed
using Fiji software, and their diameters were calculated using
a homemade script compatible with this software.

"H-NMR analysis was performed to control the purity of
prepared nanoparticles. Assembly of ligands on the nano-
particles causes broadening of their NMR peaks.*°™*® This
effect was used to evaluate the purity of the prepared nano-
particles. The absence of sharp peaks in the NMR spectrum
obtained for the solution of nanoparticles suspended in water
indicated a lack of impurities, such as unbound ligands. The
ratio between ligands in the case of the mixed ligand nano-
particles was assessed by the 'H-NMR analysis after etching
the nanoparticles with iodine. The etching solution was iodine
(20 mg) dissolved in methanol-d4 (1 mL). Etching was
obtained by suspending NPs (5 mg) in the etching mixture
(0.6 mL) for 30 min under sonication. The ligand ratio was cal-
culated according to the integrals of the given peaks (Fig. S1
and S21).

The zeta potentials of nanoparticles were measured in PBS
buffer using a Zetasizer Nano ZS (Malvern). The concentration
of the nanoparticles was 0.1 mg mL™".

Preparation of bacteriophages

Phages were prepared according to a procedure developed by
Sambrook et al*® Briefly, the early logarithmic culture of
Escherichia coli was infected with bacteriophages. E. coli BL21
was used for the amplification of phages T1, T4, and T7, and
E. coli C3000 was used for phages MS2. After lysis, the phages
were precipitated by polyethylene glycol precipitation.
Collected phages were washed with TM buffer (10 mM TRIS,
10 mM MgSOy, 5 pM CaCl,, pH 7.4) on Amicon® Ultra-15 cen-
trifugal filter devices (1000k NMWL) and then dialyzed against
TM buffer. After completion of the dialysis, DNase I (0.2 pg
mL™") was added to digest the DNA released from the
damaged capsids.

Virucidal tests

Phages were incubated in TM buffer with 0.5 mg mL™" of
nanoparticles at 37 °C or 50 °C over three days. The number of
active phages was measured at different time points. We used
the plaque count method for the determination of bacterio-
phage activity. Plaque forming units (PFU) can be directly cor-
related with the number of active phages within the sample. In
this approach, the bottom LB-agar medium (20 mL) was
poured onto a plastic Petri dish and left to solidify. Then, the
top LB-agar (i.e., LB medium with 0.5% agar; 4 mL) was mixed
with an overnight culture of E. coli (200 pL) and poured onto
the plate. E. coli BL21 was used for phages T1, T4, and T7, and
E. coli C3000 was used for phages MS2. 10-fold dilutions of
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phage solution were prepared, and droplets of each dilution
(5 pL) were spotted onto the top agar layer. Plaques were
counted after the incubation of the plates at 37 °C for 24 h. All
experiments were performed in triplicate.

Dose-response tests on phages

Phages were incubated in TM buffer with various concen-
trations of nanoparticles at 50 °C for 24 h. The number of
active phages was measured at different time points. As a
control, samples with phages without any nanoparticles were
used. The number of phages was estimated via the plaque
count method described in the previous section. All experi-
ments were performed in duplicate.

Dose-response tests on bacteria

Inoculum of bacteria E. coli BL21 was mixed in LB medium
with various concentrations of MUS:OT (85:15) nano-
particles. Then, the growth of the bacterial culture was
observed by optical density (ODgoo) measurement. To calculate
dose-response, the optical density after 6 h of incubation was
compared. All experiments were performed in triplicate.

Real application test of the infected bacteria-based bioreactor

First, T1 bacteriophages (200 pfu mL™") were incubated: (a)
with MUS: OT (85 :15) nanoparticles (100 pg mL™") at 50 °C
for 1 h, and (b) with MUS: OT (85:15) nanoparticles (20 pg
mL ™) at 50 °C for 12 h. Then, to such solutions, an inoculum
of bacteria E. coli BL21 in LB medium was added. As controls,
samples containing only bacteria (normal bacterial growth)
and bacteria with T1 bacteriophages were prepared. The
growth of bacteria was controlled by measuring the optical
density (ODggo), which can be directly correlated with the
number of bacteria in the solution. All experiments were per-
formed in four repetitions.

Transmission electron cryo-microscopy

Phages (~4 x 10" pfu mL™") were incubated with nano-
particles (0.1 mg mL™") in T™M buffer at 37 °C or 50 °C for a
given amount of time (24 h if not stated otherwise). Then, a
droplet of such a solution (3 pL) was deposited onto a lacey
carbon film grid (Electron Microscopy Sciences, Germany) and
blotted to a thin (100-300 nm) layer of liquid. The grid was
then immediately flash-frozen in liquid ethane using an FEI
Vitrobot Mark IV. Imaging was performed using a Gatan single
tilt cryo holder operated on an FEI Tecnai F20 Cryo 80 kV
transmission electron microscope in the low-dose mode to
visualize the samples at an average exposure of 1-3 electrons
A7 on a Ceta camera.

Cytotoxicity test

The toxicity of NPs was examined using MTS [3-(4,5-dimethyl-
thiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium] assay. Vero cell cultures (African green monkey
fibroblastoid kidney cells ATCC CCL-81) seeded in 96-well
plates were incubated in DMEM (Gibco-BRL, Gaithersburg,
MD) supplemented with 2% FBS with different concentrations
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of NPs for 24 h. Cell viability was determined using the
CellTiter 96 Proliferation Assay Kit (Promega, Madison, WI,
USA) according to the manufacturer’s instructions.
Absorbance was measured using a Microplate Reader (Model
680, BIORAD) at 490 nm. Cells incubated without nano-
particles were used as the negative control, and cells incubated
with 30% Triton X-100 were treated as the positive control
(very high toxicity, no cells survived). The effect on cell viability
at different concentrations of NPs was expressed as a percen-
tage of live cells, by comparing the absorbance of treated cells
with those of the cells incubated with the culture medium.
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