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Environmental significance

Sublethal effects of photoactive engineered
nanomaterials on filamentous bacteriophage
infection and E. coli gene expression in freshwater

Shushan Wu, Stefanie Huttelmaier, Jack Sumner,
Erica Hartmann 2 and Kimberly Gray (2*

Wide application and release of engineered nanomaterials (ENMs) into the environment require an
understanding of their potential ecological impacts, particularly under real environmental conditions.
Previously we reported that low doses of photoexcited ENMs exert significant sublethal stress on bacterial
outer membranes in a freshwater medium, potentially increasing bacterial susceptibility to viral infection
and promoting microbial evolution and diversity. However, little is known about how ENMs may affect
bacteriophage infection under environmental conditions. Therefore, this study investigates the effects of
commonly used photoactive ENMs - n-TiO,, n-Ag, and their mixtures - on the infection of a filamentous
coliphage, bacteriophage f1, at environmentally relevant concentrations under freshwater conditions. We
also interrogate cellular surface properties and the expression of key genes associated with phage-cell
interactions in response to ENM exposure. Under light, n-TiO, or n-Ag increases bacteriophage infection,
consistent with trends showing increased outer membrane permeability (OMP), F-pili-related gene
expression, and pili density. Exposure to n-TiO, + n-Ag mixtures under light, however, suppresses the
effects of the individual ENMs on bacteriophage infection, despite high OMP, amplified up-regulation in
F-pili and membrane protein expression, and augmented pili density. We propose that greater oxidative
stress on the cell membrane induced by the photoexcited ENM mixtures in comparison to individual ENM
exposure, as previously detailed, damages membrane proteins (e.g., TolA) vital to bacteriophage entry and
dominates other mechanisms. Overall, our results provide mechanistic insight into the complex interactions
among bacteria, bacteriophage, and ENMs, under environmentally relevant conditions, and further detail
their potential ecological risks.

Mass production and release of engineered nanomaterials (ENMs) raise ecotoxicity concerns. Previously, we found that photoactive ENMs exert sublethal

bacterial stress under environmental conditions which may alter the patterns of bacteriophage infection and consequently, impact microbial diversity and

evolution. Yet, ENMs' influence on bacteriophage infection under environmental conditions remains largely unexplored. In this study, filamentous phage

infection was promoted by exposure to individual ENMs under light in freshwater but suppressed by n-TiO, + n-Ag mixtures. Although both exposure

conditions caused increased outer membrane permeability, up-regulated bacterial genes, and augmented pili density, their differential effects on phage

infection were explained by damage to the periplasmic protein, associated with higher ROS yields and greater outer membrane damage by the ENM

mixtures.

1 Introduction

Rapid commercialization of nanotechnology has led to
massive growth in the production and application of

engineered nanomaterials (ENMs) in industrial, agricultural,
pharmaceutical, and personal care sectors over the last two
decades.'™ As a result, the release and accumulation of
ENMs into the environment due to the lack of regulation or
effective treatment strategies raise serious concerns about the

Department of Civil and Environmental Engineering, Northwestern University, Tech ecological impacts of ENMs.*® The toxicity of ENMs on

A236, 2145 Sheridan Road, Evanston, IL, 60208, USA.

E-mail: shushan.wu@northwestern.edu,

stefaniehuttelmaier2024@u.northwestern.edu,

humans,® animals,” and microorganisms in different
environments (e.g., terrestrial, freshwater, and marine)®*™°

Jacksumner2026@u.northwestern.edu, erica. hartmann@northwestern.edu, has been well StUdled: and the effects of key environmental

k-gray@northwestern.edu

478 | Environ. Sci.: Nano, 2026, 13, 478-495

conditions, such as light, ionic composition of the media,
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and natural organic matter, on the properties and behaviors
of ENMs have also been addressed.'! However, ENMs effects
on viruses in the environment remain largely unexplored.

Bacteriophages, or phages, are viruses that invade
bacterial cells and inject their genomes into the bacterial
hosts. They are highly diverse and among the most abundant
biological entities in the environment with numbers more
than 10 times of bacterial counts, ranging from 10* to 10°
viral particles per milliliter in natural waters."** Their
ubiquity and ability to alter bacterial genetic material make
phages a significant driving force in the diversity, population
dynamics, and evolution of bacteria in ecosystems. Thus, to
better interpret and predict the ecological impact of ENMs, it
is crucial to evaluate the effects of ENMs on phages and
phage infection, especially in natural or engineered
environmental settings. Yet, studies reporting relevant
findings are scarce.

Limited available data show that ENMs, depending on
their physiochemical properties (e.g., type, solubility, zeta
potential, and concentration), can affect phage infection by
binding to the phage protein capsid, altering the protein
structure, interfering with phage-host interactions, and
disrupting the host cell's normal functions which indirectly
influences the phage life cycle (Table S1). Most studies focus
on the inactivation of phage by ENM exposure due to the
antibacterial properties of ENMs, including nzZvi*>™*° and n-
Ag.”° n-Ag is used in the greatest number of products because
of its low cost and strong antibacterial properties.>* Gilcrease
et al.*® reported an inhibitory effect of uncoated n-Ag (10 mg
L™, suspended in citrate) on phage infection, resulting from
n-Ag binding to the phage capsid protein and disruption of
phage-host interactions, while PVP-coated n-Ag increased
phage infection greatly as PVP coating lowered negativity in
zeta potential and reduced biological activities of n-Ag.
Similarly, You et al.** exposed phage MS2 and phage/E. coli
suspension to 1-5 mg L™ PVA-capped n-Ag (~21 nm) and
observed an increase in the phage infection when phage and
bacteria were simultaneously exposed to n-Ag.

Zhang et al.>® observed increases in phage transduction
efficiency of planktonic E. coli bacteria when exposed to 0.01-
10 mg L™ of uncoated n-Ag with the maximum effect of a
3-fold increase induced by 0.1 mg L™ n-Ag. Transduction,
mediated by phage, is a horizontal gene transfer pathway that
allows genetic material to pass from one bacterium to
another via phage infection. It plays a vital, yet largely
unexplored, role in the spread of antibiotic resistance genes
(ARGs) in natural and anthropogenic environments.**>®
Zhang et al.*® suggested a mechanism promoted by n-Ag as
well as released Ag" enhancing intracellular oxidative stress
and increasing outer membrane permeability (OMP). They
proposed that the binding of n-Ag by the phage facilitated
the transport of n-Ag to the bacterial cell surface, which also
contributed to increased phage transduction.

Other metal-based ENMs, such as n-TiO,,>?*° n-Cu0,*!
and n-ZnO,>* are reported to increase phage infection
because of electrostatically enhanced phage-host interaction

This journal is © The Royal Society of Chemistry 2026
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at the cell surface. Exposure to ENMs induces bacterial stress,
altering cellular and interfering with gene
expression,’’ which contributes to the infectious entry of
phage to the host cell. Previous work showed that n-TiO, and
n-CuO facilitated phage infection by up-regulating host gene
expression related to phage receptors and energy
production®* ' and damaging cell membranes.**?%%?
Stachurska et al.®* revealed the decisive role of NPs' zeta
potential in the binding between NPs and T4-like phage.
They proposed that NPs with highly negative zeta potential
(<-35 mV) tend to bind to the tail of the phage, which
prohibits the attachment of phage to the host cell and
consequently, decreases phage infection. In other cases, NPs
may work in synergy with phage to facilitate the phage entry
to host cells. Specifically, NPs with zeta potential >35 mV
bind to the head of the phage, and NPs at zeta potential
between -35 mV and 35 mV tend to exhibit non-specific
binding. Unstable ENMs, like n-ZnO or n-Ag, release metal
cations, which reduce electrostatic barriers between bacteria
and phages and promote phage infection.*”

In real environments, phage infection and propagation are
greatly influenced by surrounding environmental conditions,
such as light, pH, ionic composition, and organic and
inorganic substances.>**> Since these factors modify ENM
interactions and toxicities toward microbes and bacteria in
the environment, they may also exert complex effects between
ENMs and phages.'’ For example, photoactive ENMs, like n-
TiO,, exhibit higher toxicity under light irradiation due to
ROS generation which can also contribute to phage
inactivation.**° Kim et al.*° reported enhanced bacteria and
MS2 phage inactivation by Ag" in the presence of UV-A and
visible light. The enhanced inactivation results from the
photoreduction of the Ag-cysteine complex and the
formation of monosulfide radicals and Ag’ leading to
protein damages on the phage and in cells.”” Similar
phenomena may occur with the release of Ag’ from the
oxidative dissolution of n-Ag.

In contrast, Xiao et al®® revealed a synergistic effect of
photoactivated n-TiO, on increasing phage transduction of
ARGs. They found that exposure to either n-TiO, or UV
irradiation alone promoted phage transduction, and exposure
to n-TiO, (0.5 mM) under UV irradiation (365 nm, 150 uW
em™?) had a synergistic effect on increased phage
transduction. This may result from extracellular ROS
generated by n-TiO, under certain light intensity (<150 pW
em™) and/or the intracellular ROS triggered by
photoactivated n-TiO,. More specifically, extracellular ROS
damaged cell membrane and intracellular ROS induced
F-pilus synthesis, contributing to phage entry. However,
excessive irradiation may lead to cell death and phage
inactivation.’® These findings revealed, albeit incompletely,
the unpredictable impacts of ENMs on phages and phage
infection under complex environmental conditions.

In this study, we investigate how two common
photoactive ENMs, n-TiO, and n-Ag, and their mixtures
affect phage infection and the gene expression of E. coli in

structures
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a freshwater environment. Previously we found that in
freshwater, photoactive ENMs, like n-TiO, and n-Ag, at
environmentally relevant concentrations (in pg L™ range)
exerted substantial bacterial stress by increasing OMP under
simulated sunlight, whereas minimal effects were shown in
dark under the same conditions.”" The effects were more
prominent in a freshwater medium than in a synthetic
buffer due to different ionic strength and composition, and
synergistic effects were observed when exposed to mixtures
of n-TiO, and n-Ag.""” Such sublethal bacterial stress
exerted by ENMs and their mixtures may leave cells more
vulnerable to the invasion of surrounding substances, such
as toxins and viruses, which may further alter the structure
and function of the ecosystem. Therefore, we hypothesize
that n-TiO, and n-Ag, alone and mixed, at sublethal doses
increase phage infection of E. coli under light irradiation,

due to outer membrane damage, primarily increased
permeability or altered cell surface charge, and the
associated up-regulation of genes targeting surface

structures (e.g., F-pili) and proteins (e.g:, TolA) critical to
phage entry into the cell.

To test the hypothesis, we expose E. coli to the two
ENMSs, n-TiO, and n-Ag, individually and in mixtures, under
light and dark in freshwater, and then infect the bacteria
with phage f1, a model phage in the F-specific filamentous
phage (Ff) family. Unlike most viruses that kill host cells
after infection, filamentous phages typically go through a
chronic lifecycle that leads to the release of virions without
cell lysis and exerts little stress on the bacterial host.****

(a)
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The Ff phage group specifically infects the bacteria strain E.
coli K12, and the infection process involves an intricate
sequence of events illustrated in Fig. 1. Briefly, the receptor
at the tip of the phage first binds with an F-pilus (Fig. 1a),
inducing F-pilus retraction to pull the phage into a pore-like
structure (a part of the Type IV secretion system that
assembles and produces F-pili) and enter the periplasm
(Fig. 1b). The tip of the phage then binds with the
C-terminal domain, TolAIll, of the TolA protein that is
anchored to the inner membrane and extends across the
periplasm. The TolA protein brings the phage to the inner
membrane where the phage injects its genetic material into
the host cell. Filamentous phage may bypass the F-pilus to
enter the cell surface, presumably when the outer
membrane is damaged (Fig. 1c). The outer membrane
protein, OmpF, may also assist the penetration of phage
through the cell outer membrane.*” Once the phage enters
the periplasm and binds with the TolA protein, the Tol-Pal
protein system brings the outer membrane and inner
membrane close together and positions the phage tip to
dock on the inner membrane for DNA injection.***®

Given these possible mechanisms of filamentous phage-
bacteria interactions, the goal of our research is to detail the
acute effects of ENMs on the sequence of events involved in
phage f1 infection of E. coli in the presence and absence of
light, and to explain, then, how phage infection is related to
changes at the bacterial cell surface and patterns of gene
expression as a function of sublethal ENM exposure over
short time intervals.

e

Outer
membrane

Peptidoglycan

Periplasm secretion
system
Inner
membrane

Phage DNA

Phage DNA

Fig. 1 Process of filamentous phage (Ff group) entering the host cell (E. coli) (adapted from Karlsson et al.*®> and Hay et al.**). (a) Phage (tip) first
binds to the F-pilus (tip) and activates the retraction of F-pilus. It is unclear how phage penetrates the outer membrane and the cell wall. (b) One
popular theory is that upon the retraction of F-pilus, phage is guided into a pore-like structure (a part of the type IV secretion system that
assembles the F-pilus), allowing phage to enter the periplasm. Then the protein domain at the tip of the phage binds to the TolA protein, an inner-
membrane-anchored protein that extends across the periplasm. The TolA protein positions the phage to dock on the inner membrane, where the
phage injects its DNA into the host cell (Riechmann et al.*’). (c) Phage can also bypass the F-pilus and enter the cell, possibly from damaged outer
membrane. The Tol-Pal protein system (mainly TolQ-R-A-B and Pal) and the outer membrane porin OmpF assist phage entry by connecting outer
and inner membranes, likely associated with the inner to outer membrane adhesion zone (Guihard et al.®). TolA, after binding to the phage,
contracts itself, brings the outer and inner membranes closer, and helps the phage dock on the inner membrane.
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2 Materials and methods

2.1 Nanoparticles preparation and environmental medium

Powdered TiO, P25 NPs (n-TiO, P25, nominal particle size of
22 nm, cat. 384292500) and citrate-stabilized Ag NPs (n-Ag)
suspension (10 nm; 1 mg mL™"; 1 mL, aqueous 2 mM sodium
citrate; cat. 50-105-6957) were purchased from Thermo Fisher
Scientific. n-TiO, P25 was suspended in Milli-Q water,
sonicated for at least 30 min in an ultrasonic bath (Health-
Sonics, 110 W, 42 kHz) to disrupt aggregation, and diluted to
make stock solutions with a series of concentrations. n-Ag
was diluted with oxygen free Milli-Q water in an anaerobic
chamber (MBRAUN UNIlab) to make stock solutions. The
characterization of the two NPs, including the hydrodynamic
diameters, X-ray diffractogram of n-TiO,, UV-vis spectra of n-
Ag, and TEM micrographs and EDS analysis of the two NPs,
are presented in the SI (Fig. S1 and Table S2).

Lake Michigan Water (LMW), collected from the Evanston
Drinking Water Treatment Plant, was used in this study as
the freshwater medium. The preparation and chemical
properties of LMW were reported previously.'" Briefly, after
collecting from the water facility, LMW was stored at 4 °C
and filtered through a 0.2 pm PES membrane (Whatman) to
remove bacteria and large particles. The pH of LMW is
approximately 8.3 and the ionic strength is 3.5 mM.

2.2 Host bacteria culture and phage propagation

E. coli K12 (ATCC 25404) was cultured in Luria-Bertani (LB)
broth (with Animal-Free Soytone, L8950, Teknova) at 37 °C
overnight and harvested once they reached mid-exponential
phase (~18 hours). The cells were then washed with LMW
and resuspended in the same media to reach an ODgg, of 0.4
(+ 0.02), which corresponded to the cell concentration of
approximately 3 x 10° CFU mL™" as measured by direct plate
count.

Bacteriophage f1 (ATCC 15766-B2) was propagated with
host E. coli K12 in tryptone broth (1% with 0.05 M CaCl,)
following the ATCC protocol.*® Briefly, overnight E. coli K12
culture (18 hours old, ODgy = 0.4) was prepared and the
phage stock was made by adding 0.5 mL broth to the freeze-
dried phage vial. To prepare concentrated phage lysate, 100
pL phage stock was added to 5 mL E. coli K12 culture and
incubated by shaking at 160 rpm in 37 °C overnight for 24
hours. Then, the mixture was centrifuged at 4000g for 10
minutes and filtered through a 0.2 pm PES filter. The filtrate
was stored at 4 °C for short term (3 months) and -80 °C in
glycerol for long term.

Table 1 ENMs exposure experiment groups for phage infection
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2.3 ENM exposure and phage infection measurements

To prevent the inactivation of phage by light irradiation or
ENMs,>0%6%950 we first exposed E. coli to ENMs under light
and then added phage lysate and incubated under dark
conditions. In this way, we also avoided the effects of light-
activated ENMs on phages by minimizing the time of direct
ENM contact or exposure as those effects are not the focus
of this study. E. coli K12 suspension in LMW was prepared
as described above with ODggo of 0.4 (= 0.02). 0.2 mL ENM
stock solution (n-TiO, and n-Ag alone or in mixtures) was
added to 1.8 mL E. coli K12 suspension in a 12-well plate
and the final ENMs concentrations are listed in Table 1.
Two plates were prepared with one wrapped with clear
polyvinyl-chloride film (Fisherbrand™, cat. 01810) that is
highly transparent (>90% light transmittance)®® and
exposed to simulated sunlight (SSI) using the Newport 1000
W xenon arc lamp (model #6271 Ozone Free, Newport
Corporation, Irvine, CA, USA) and the other covered with
aluminum foil to create dark conditions. Both plates were
placed on the microplate shaker, rotating at 200 rpm for two
hours. Then, 90 uL phage lysate (diluted to 3 x 10° PFU mL™)
was added to each well (cell-to-phage volume ratio of 20:1)
and mixed in the dark at room temperature for 1 hour. The
phage infection was measured by plaque yield using the
double-layer-agar method.>?

The top layer (0.5% agar) and bottom layer (1.5% agar)
agar were prepared with tryptone broth (1% with 0.05 M
CaCl,). 200 pL of phage/ENMs/bacteria mixture was added to
8 mL of warm top layer agar and mixed before pouring on
the plate with the bottom layer agar. After cooling down,
the plate was placed upside down and incubated overnight
at 37 °C. Plaque counts with 30 to 300 clear plaques were
recorded. All experiments were repeated at least three times
for accuracy and reproducibility. To better show the
sublethal effects, we focus on the results of 0-100 pg L™
n-Ag (Fig. 2). The results of 0-500 ug L' n-Ag are shown in
Fig. S2. The effect of exposing bacteria to light alone on the
subsequent phage infection is shown in Fig. S3.

2.4 RNA extraction and RT-qPCR (reverse transcription
quantitative PCR)

To probe ENMs' influence on bacterial gene regulation in
relation to patterns of phage f1 infection, the expression of
F-pili and membrane protein genes of E. coli K12 was
assessed using RT-qPCR. 13.5 mL E. coli K12 suspension in
LMW (ODggo = 0.4 + 0.02) was treated with 1.5 mL n-TiO,
P25, n-Ag, or their mixtures (cell-to-ENMs volume ratio of

Group no. ENMs Final concentrations

1 n-TiO, P25 0, 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, 5, and 10 mg L™*
2 n-Ag 0, 0.5, 1, 2, 5, 10, 20, 50, 100, 200, and 500 ug L*
3 n-TiO, P25 + n-Ag n-TiO,: 0, 0.1, 0.2, and 0.5 mg L™*

This journal is © The Royal Society of Chemistry 2026

n-Ag: 0, 5, 10, 20, and 50 ug L™
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Fig. 2 Effects of sublethal concentrations of ENMs on phage f1 infection under light (a and c¢) and dark (b and d). The plaque counts of ENMs-free
samples (control) under light or dark were set to 1 and the other results were normalized to the control as described in the legend.

9:1) with final concentrations listed in Table 1 group 3.
Two sets of samples were prepared with one set wrapped
with ultraclean film and exposed to the same light source
mentioned above and the other set covered with aluminum
foil to maintain dark conditions. All samples were mixed at
320 rpm and incubated for two hours.

The total RNA of each bacteria sample was extracted
using the PureLink™ RNA Mini Kit (Invitrogen™)
following the manufacturer's instructions and RNA
concentration and quality were determined by micro-
spectrophotometer  (Eppendorf BioSpectrometer® and
pCuvette®) analysis and gel electrophoresis. ¢cDNA was
synthesized using the High-Capacity cDNA Reverse
Transcription Kit (Applied Biosystems™) following the
manufacturer's protocol. RT-qPCR samples were prepared
using the PowerTrack™ SYBR Green Master Mix for qPCR
(Applied Biosystems™) and analysis was performed on a
Bio-Rad CFX real-time PCR system. The targeted genes
and primers are listed in Table S3. The qPCR thermal
cycling was set according to the protocol of the SYBR
Green Master Mix: enzyme activation at 95 °C for 2 min,
followed by 40 cycles of denaturation at 95 °C for 15 s
and annealing/extension at 60 °C for 60 s. The optimal
cDNA input was determined by standard curves of
targeted genes. The relative gene expression was calculated
using the 27" method (Fold gene expression = 2744°
where AACt = ACt (sample) — ACt (control) and ACt = Ct
(gene of interest) — Ct (housekeeping gene)). Ct of each

482 | Environ. Sci.. Nano, 2026, 13, 478-495

gene was determined by taking the average of a minimum
of three samples.

2.5 Physical mechanisms of ENMs affecting phage infection
at the cell surface

Images of the ENMs and their mixtures at cell surface
were captured using S/TEM and the sample preparation
was modified from Han et al>® and Costa et al.>® E. coli
K12 suspension in LMW (ODgo = 0.4 + 0.02) was exposed
to 0.2 or 0.5 mg L' n-TiO, and/or 50 ug L' n-Ag,
individually and in mixtures (cell-to-ENMs volume ratio of
9:1). Two sets of samples were prepared with one set
wrapped with ultraclean film and exposed to the same
light source mentioned before and the other set covered
with aluminum foil in the dark. All samples were
continuously mixed (200 rpm) and incubated for two
hours. Then, phage f1 lysate was added to the mixtures
(cell-to-phage volume ratio of 20:1) and mixed under dark
for 1 hour. Samples were collected and fixed with 2.5%
glutaraldehyde. Each sample was drop-cast to a glow-
discharged formvar/carbon film 300 mesh copper grid
(Electron Microscopy Sciences, FCF300-CU) and left for 4
minutes. The remaining mixture was then removed using
filter paper. 2 pL of 2% phosphotungstic acid was applied
to stain each sample for 30 seconds and removed. The
staining procedure was repeated 3 times to ensure
sufficient and even staining. After drying, grids with

This journal is © The Royal Society of Chemistry 2026
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bacteria and phage samples were stored and examined
with a Hitachi HD-2300A Dual EDS S/TEM system.

Aggregate sizes of n-TiO, in dark and n-TiO, + n-Ag
mixtures with and without light exposure were measured
using Nano Zetasizer (Malvern Instruments Ltd) under the
same experimental conditions in LMW. The concentration
range of n-Ag applied in the experiment is below the limit
(0.01 mg mL™" for size smaller than 10 nm) of the instrument
and therefore, the aggregate size of n-Ag was not measured.
Zeta potential of n-TiO, and n-Ag, individually and in mixtures
(concentrations listed in Table 1 group 3), in LMW exposed to
light and dark for 2 hours was measured by Nano Zetasizer
(Malvern Instruments Ltd). Two measurements of each
parameter were taken. The average aggregate sizes are shown
in Fig. S11, and average zeta potential is shown in Fig. S12.

2.6 Data analysis

Pearson's correlation coefficient was calculated to determine
whether OMP and phage infection after exposure to ENMs or
their mixtures are positively or negatively related, as well as
the  strength  of the  relationship. = Non-metric
multidimensional scaling (NMDS) plots were generated by
condensing the multidimensional data set (ie., relative
expression of targeted genes) into a 2D representation to
show the association between select genes (Table S3) under
ENM exposure through similarity/dissimilarity between data.
Pearson's correlation coefficient and NMDS plots were
generated using R, and the results are shown in SI (Table S4,
Fig. S4 and S7).

Heat maps for relative gene expression were created with
Excel (Fig. 4 and 5 and S6). All markers or bar columns with
error bars represent “mean + SD (standard deviation)” in the
charts (Fig. 2-4 and S2, S3, S5 and S6).

3 Results and discussion
3.1 Effects on phage infection

3.1.1 Sublethal doses of photoactive ENMs promote phage
infection under light. Previously we found that photoactive

—_
()
-~

(b)

Normalized plaque count

Normalized plaque count

5 10 20
Concentration of n-Ag (ug/L)

1.4

1.3

View Article Online

Paper

ENMs (e.g., n-TiO,, n-Ag, etc.) induced significant sublethal
bacterial stress, reflected by an increase in OMP, at
environmentally relevant doses (<1 mg L") in freshwater
with simulated sunlight irradiation.*’ To investigate if this
membrane damage translates to greater phage
infection of E. coli, we employ the same experimental
conditions and measure the phage f1 infection at low ENM
doses in the presence and absence of light by plaque counts
and normalized to ENMs-free samples as shown in Fig. 2.
Under light, initial exposure of E. coli to ENMs results in a
25% increase in phage infection with 0.2 mg L' n-TiO,
(Fig. 2a - orange symbols) and a 20% increase with 7.5 ug L™"
n-Ag (Fig. 2¢ - orange symbols), compared to the no-ENM
control under light. Relative to the no-ENM control under
dark, there is a 75% increase in phage infection with 0.2 mg
L' n-TiO, (Fig. 2a - yellow symbols) and a 68% increase with
7.5 ug L™ n-Ag (Fig. 2c - yellow symbols). As illustrated in
Fig. 2a and c, the relative phage infection levels increase as
the concentration of individual ENMs increase, reaching a
maximum, and then decrease at higher concentrations. The
results follow trends similar to the ENM effects on cell
OMP,*" indicating that the increased bacterial OMP, induced
by low doses of ENMs under light, may facilitate the infection
process of phage f1. The Pearson's correlation coefficient
(Table S4) also confirms the positive correlation between
OMP, from our previous work conducted under the same
experiment conditions,”” and phage infection. E. coli pre-
treated with light alone shows a 40% increase in phage
infection compared to the samples without light treatment as
illustrated in Fig. S3. Previously, we observed a 20-40%
increase in cell OMP with only light exposure.*! Thus, the
results further demonstrate that the presence of ENMs
amplifies the effects of light on phage infection, and that
increased phage infection follows increased OMP when
exposed to either light alone or ENMs under light. The same
conclusion was also drawn by Xiao et al.*>° when they exposed
phage/bacteria (engineered phage M13 and E. coli TG1)
suspension to 0.5 mM n-TiO, under UV irradiation (365 nm,
150 uW cm?) and observed increases in both bacteria OMP

outer

= P25 0 mg/L
= P25 0.1 mg/L

I = P25 0.2 mg/L
P25 0.5 mg/L

10
Concentration of n-Ag (pg/L)

50

Fig. 3 Effects of low concentrations of n-TiO, + n-Ag mixtures on phage f1 infection: (a) under simulated sunlight and (b) under dark. The plaque
counts of ENMs-free samples (control) under light or dark were set to 1 and the corresponding treatment results were normalized to the control.
Statistical significance (p < 0.05) for values compared with the corresponding concentration of n-Ag (without n-TiO,) and n-TiO, (without n-Ag) is

indicated by red and black asterisks, respectively. P25 = n-TiO, P25.
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Fig. 4 Effects of low concentrations of n-TiO, or n-Ag on E. coli genes expression under light (a and c) and dark (b and d). The dash lines mark
the reading of 1, which is the relative mRNA expression of no-ENMs control under light or dark (the first set of bars). A value of 0.5-1 indicates no
significant change compared to the control. (e) and (f) are heatmaps. C = ENM concentration.

and phage transduction. High concentrations of ENMs (e.g.,
n-TiO,, n-Ag,>® and nZVI'®'®) reduce cell viability and may
also inactivate phages, which leads to the reduced ENMs
effects on phage infection beyond the maximum sublethal
effects in Fig. 2a and c.

Under dark, prior exposure to n-TiO, has no effect on
phage infection (Fig. 2b). However, slight increases in phage
infection are observed in bacteria samples pre-treated with 5-
50 ug L™ n-Ag (Fig. 2d). Our previous results showed that n-
TiO, or n-Ag exerted minimal effect on OMP in the dark.*’
The results in Fig. 2d suggest that exposure to n-Ag in dark
may increase phage infection through pathways other than
increased OMP, such as bacterial stress related to Ag' release

484 | Environ. Sci.: Nano, 2026, 13, 478-495

due to oxidative dissolution of n-Ag.>* In addition, the Ag"
cation may enhance the attachment of phage to cell surface
through electrostatic effects, reducing the repulsive charge
barrier between phage and cell.® Previous research has
reported that exposure of phage and other viruses to n-Ag
prior to infection can facilitate the process, although n-Ag
has negative impacts on the viral genetic material production
after infection.>*® Zhang et al.>® observed phage-mediated
attachment of n-Ag to bacteria that might contribute to the
promoting effect of n-Ag on phage infection. They suggested
that negatively charged n-Ag binds to the positively charged
pVIII protein which encapsulates the DNA of filamentous
phage. In this way, the phage carries n-Ag to the host cell

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Heatmaps of E. coli gene expression with exposure to low concentrations of n-TiO, + n-Ag mixtures under light (a) and dark (b), relative to

n-Ag-only control. Bar charts with standard deviation are shown in Fig. S5.

and further facilitates phage infection. It is noteworthy that
although capping and stabilizing agents like citrate, as used
in this study, may influence the kinetics of n-Ag dissolution
and aggregation through complexation,”” we nonetheless
observe the sublethal stress of n-Ag on bacteria®’ and phage
infection, consistent with the results in other studies where
significant cellular or phage responses were not suppressed
or affected by citrate-stabilized n-Ag.>*®

3.1.2 ENM mixtures suppress the effects of individual
ENMs on phage infection. Low concentrations of n-TiO, +
n-Ag mixtures can exert synergistic bacterial stress under
light (e.g., decreased ATP levels and damaged cell
membranes) due to increased ROS production.”> Our
previous findings also illustrated that under simulated
sunlight irradiation, n-TiO, + n-Ag mixtures at
environmentally relevant concentrations synergistically
induce greater OMP (up to 72-102% more) than that caused
by individual ENMs.*' Thus, we expected to observe a similar
enhancement in phage infection induced by the ENM
mixtures under the same experimental conditions. However,
the results, presented in Fig. 3, show an overall attenuation
of phage infection by n-TiO, + n-Ag mixtures, reflecting a
trend counter to their effects on OMP and in contrast to the
effects of n-TiO, or n-Ag alone.

In Fig. 3a, under light at lower n-Ag doses (5-10 pg L™),
bacterial exposure to n-TiO, + n-Ag mixtures generates
phage infections similar to the no-ENM illuminated control,
around 20-30% less than being exposed to n-TiO, alone
(the first set of bars with no n-Ag) and about 13% less than
being exposed to n-Ag alone (the blue bars). At 20-50 ug
L™ n-Ag, phage infections induced by exposure to n-TiO, +

This journal is © The Royal Society of Chemistry 2026

n-Ag mixtures increase slightly (1.1-fold) relative to the
control without ENMs, around 5-20% less than being
exposed to n-TiO, alone (the first set of bars with no n-Ag)
and at similar levels relative to exposure to n-Ag alone (the
blue bars). Under dark in Fig. 3b, there is no significant
difference between the phage infection of bacteria exposed
to n-TiO, + n-Ag mixtures and the results of no-ENMs
control (the first blue bar) or exposure to n-TiO, alone (the
first set of bars with no n-Ag). A slight reduction (<13%) in
phage infection is observed with exposure to the ENM
mixtures compared to the results of n-Ag alone (the blue
bars). In contrast, then, to the measurable positive effects
on phage infection exerted by n-TiO, or n-Ag alone under
light and by n-Ag in the dark (Fig. 2), under light the ENM
mixtures suppress phage infection and this suppression
lessens with increasing n-Ag dose in the mixtures; under
dark the ENM mixtures suppress the positive effects of
n-Ag alone on phage infection. In other words, the
interactions between the ENMs of the mixtures are
antagonistic or result in effects less than the addition of
the individual ENM effects.

In Table 2, we summarize qualitatively the relationship
between OMP increase®’ and phage infection (Fig. 2 and 3)
induced by low doses of n-TiO,, n-Ag, and their mixtures.
When exposed to n-TiO,, we observe increases in both OMP
and phage infection under light and no effects in either
measurement under dark. When exposed to n-Ag, both OMP
and phage infection increase under light. Under dark, there
is no effect on OMP, but we observe slight increases in phage
infection, which we attribute to the oxidative dissolution of
n-Ag to release Ag' ions.

Environ. Sci.. Nano, 2026, 13, 478-495 | 485
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Table 2 A qualitative summary of the effects of n-TiO,, n-Ag, and their
mixtures on bacterial OMP and phage infection

Under SSI Under dark
ENM types OMP  Phage infection = OMP  Phage infection
n-Tio, + + 0 0
n-Ag + + 0 +
n-TiO, + n-Ag  +++ - 0 -

Note: “+” represents a promoting effect, “0” represents no effect, and
“ represents a suppressing or inhibiting effect. OMP = outer
membrane permeability.” The ENM mixtures suppressed the effects
exerted by ENMs individually. Compared to the no-ENM control, they
caused negligible effects on phage infection.

When exposed to the binary ENM mixtures under light,
there is a large increase in OMP but slightly suppressing (at
low n-Ag concentrations) to negligible effect on phage
infection. Under dark conditions, there is slight suppression
in phage infection with exposure to the ENM mixtures
relative to the effects caused by n-Ag alone under dark and
no significant difference relative to the no-ENM control on
either measurement under dark. The negative correlation
between OMP and phage infection is also indicated by the
Pearson's correlation coefficient (Table S4).

These results reveal that ENMs have variable effects on
phage-host interactions. Sublethal stress exerted by
individual photoactive ENMs under light, likely associated
with ROS generation, increases OMP and boosts phage entry
into the periplasmic space where the phage binds to the TolA
protein (Fig. 1c). Under dark conditions, n-Ag undergoes
oxidative dissolution to release Ag" which has a positive effect
on phage infection, unrelated to increased OMP. The Ag" ion
may exert favorable electrostatic effects to reduce charge
repulsion and enhance phage-bacterial interactions (Fig.
S11), or the dissolved silver cations may cause bacterial stress
in other ways that make the bacteria more susceptible to
phage infection.”> Under light conditions, the net effect of
n-Ag dissolution on phage infection is reduced due to
photoreduction of Ag* back to Ag®.**

ENM mixtures, however, cause even greater damage to the
outer membranes of E. coli but without a concomitantly
positive effect on phage infection. Thus, we propose that
illuminated ENM mixtures impair some aspects of the
complex sequence of events involved in phage infection
(Fig. 1) beyond outer membrane damage (increased OMP
which allows phage entry into the periplasmic space). Since,
under light, released Ag' ions adsorb to n-TiO, and are
photoreduced to Ag°, forming a new nanocomposite (Fig. 6f
and S10) that produces more ROS and exerts greater
phototoxicity,’> damage to membrane proteins critical to
phage infection such as TolA may accompany the greater
OMP increase caused by the ENM mixtures. Under dark,
strongly adsorptive n-TiO, sorbs released Ag’, reducing its
effect on phage infection observed with exposure to
individual n-Ag in the dark.*®> The interactions between
n-Ag and n-TiO, under light and dark and under the same
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experimental conditions were examined (e.g., extracellular
ROS generation, dissolved Ag" concentration, adsorption to
n-TiO,, and ATP levels) and discussed in detail in previous
studies.**** Subsequent experiments, discussed below, probe
the various effects that ENM exposure exerted on the complex
interactions controlling phage entry into the bacterial cell to
explain these differing observations.

3.2 Effects on the expression of F-pili and membrane protein
genes

Exposure to ENMs can alter the expression of genes involved
in the mechanism of phage infection.®® Previous studies
showed that n-TiO, can stimulate F-pili-related genes that
assist in the infection process of filamentous phages
(Fig. 1a), and exposure to n-TiO, with UV irradiation had a
synergistic effect on increasing F-pili gene expression as well
as phage transduction.’*?° To investigate the relationships
between ENM exposure, OMP, phage infection, and the
expression of key genes involved in phage entry into the
bacterial cell, we conduct RT-qPCR to measure transcription
of genes for specific cellular structures and proteins
associated with the early events of filamentous phage binding
at the cell surface (Fig. 1) as a function of exposure to n-TiO,
and n-Ag and their mixtures under light and dark. Using rpoA
as the housekeeping gene, we quantify the RNA transcripts
for three F-pili-related genes: traA for encoding the pilin
precursor, traX for pilin acetylation, and traV for pilus
assembly.”>*® Additionally, we quantify expression of the
ompF gene that encodes the outer membrane protein OmpF,
which may serve as a receptor and/or assist phage entry to
cells.**®* We also measure the expression of tolAIll gene,
encoding the third domain of the periplasmic protein and
receptor, TolA.”” The possible scenarios of the infection
process of filamentous phages like phage f1 and the
functions of F-pili and the membrane proteins are
summarized in detail in Fig. 1. Our goal is to investigate the
patterns of gene expression relative to OMP and phage
infection to gain greater insight about how damage to cell
surface structures by ENMs is related to the stimulation or
disruption of key steps in the complex sequence of events
involved in phage entry into the cell.

3.2.1 Gene expression regulated by photoactive ENMs
under light. Fig. 4 shows the relative expression of targeted
genes in E. coli exposed to sublethal doses of n-TiO, or n-Ag
under light and dark. When exposed to n-TiO, under light,
the expression of F-pili-related genes, particularly traX and
traV, increases 60-124% at 0.1-0.2 mg L™ n-TiO, compared
to the no-ENMs control under light, the ompF gene
expression increases 32-74%, and the traA and tolAIIl gene
expression shows no significant change (Fig. 4a and e). Under
dark, exposure to n-TiO, induces negligible effects on the
expression of all tested genes, except a slight down-
regulation in the expression of traA, traX, traV, and tolAIll
genes at 0.1 mg L' n-TiO, and slight up-regulation of the
ompF gene at 0.1-0.5 mg L™* n-TiO, (Fig. 4b and e).

This journal is © The Royal Society of Chemistry 2026
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Fig. 6 S/TEM images of E. coli pre-treated with ENMs under light and infected with phage f1: (a) control without ENMs, (b) exposed to 0.2 mg L™
n-TiO,, (c) exposed to 50 ug L™ n-Ag, (d) exposed to 0.2 mg L™ n-TiO, + 5 ug L™ n-Ag mixture, and (e) and (f) exposed to 0.2 mg L™ n-TiO, + 50
ug L™ n-Ag mixture. Fig. 6a-e are in light field TE mode and Fig. 6f is in dark field TE mode, showing the attachment of the ENM mixtures on cell
surface (EDS analysis provided in Fig. S10). The red arrows point to the pili/F-pili on bacteria, which are faint and relatively difficult to observe in

Fig. 6a, b and d.

When the bacteria are stressed by n-Ag and light, we
notice significant increases in the expression of various genes
at different n-Ag concentrations (Fig. 4c and f). When
exposed to 5-10 ug L™ n-Ag, we see a major increase, 1.3-to-
3.5-fold, in the expression of traX and traV genes relative to
the no-ENMs control, and smaller increases around 1.7-fold
in the traA gene expression (with 10 pg L™ n-Ag) and 1.4-
1.6-fold in the ompF gene expression. When exposed to 20-
50 upg L' n-Ag, the ompF gene expression increases
dramatically, 5.9-to-7.4-fold compared to the control, and
the F-pili-related genes expression increases 0.7-2.7-fold. No
effect is observed in the tolAIIl gene expression when
exposed to n-Ag alone under light. Under dark
(Fig. 4d and f), no increase in gene expression is observed
with exposure to 5-10 pg L™ n-Ag. An increase of 2- and
1.8-fold relative to the control is detected in the expression

of traA and ompF genes, respectively, with 20 ug L' n-Ag
added, and a slight increase of 1.5- and 0.6-fold relative to
the control is detected in the expression of ¢traA and traV,
respectively, with exposure to 50 ug L™' n-Ag under dark.
The tolAIIl gene expression shows slight suppression or
negligible change when exposed to n-Ag alone under dark.
Table 3 lists the qualitative effects of the two ENMs on
OMP,"" phage infection, and the expression of select genes,
summarizing the results in Fig. 2 and 4, to better
understand qualitatively how patterns of select gene
expression align with changes in OMP and phage infection
under the conditions of this study. Previous studies have
demonstrated a corresponding relationship  between
enhanced expression of trad, traX, and traV genes and
increased filamentous phage transduction in response to n-
TiO,-induced intracellular ROS production at much higher

Table 3 A qualitative summary of the effects of n-TiO, and n-Ag on OMP, and phage infection, and the expression of select genes

Under SSI Under dark
Genes related to phage infection n-TiO, n-Ag n-TiO, n-Ag
OMP + + 0 0
Phage infection + + 0 +
F-pili-related genes traA 0 + 0/- 0/+
traX + + 0/- 0/-
trav + + 0/- 0/-
Membrane protein genes ompF + ++ 0/+ +
tolAIIl 0 0 0 0/-

Note: “+” represents a promoting effect, “0” represents a negligible or no significant effect, and -

membrane permeability.

This journal is © The Royal Society of Chemistry 2026
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represents down-regulation. OMP = outer
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doses (0.05-50 mM or 4 mg L'-4 g L7").”>*" Similarly, our
results show that bacteria exposed to much lower
concentrations of n-TiO, (0.1-0.5 mg L™") and n-Ag (5-50 pg
L") under light exhibit higher levels of relative mMRNA
expression of F-pili-related genes, especially the ¢raX and
traV genes that acetylate and assemble F-pili and may
facilitate phage infection. NMDS plots also indicate high
similarity and thus, strong association between ¢raX and traV
gene expression data based on the relative position of the
centroids and data point clusters in Fig. S4. Since F-pili
assist with phage-to-cell contact and the expression of ¢ra4,
traX, and traV genes promote F-pili formation,’>*>®® we
propose that in addition to increasing OMP,*' n-TiO, and
n-Ag at environmentally relevant concentrations under light
irradiation stimulate F-pili gene expression, likely due to
ROS generation that triggers a cellular stress response,
which promotes F-pili formation and phage-to-cell contact,
and ultimately enhances phage infection. It is noted that
exposure to n-Ag induces an overall higher level of gene
expression than n-TiO, under light, which may be attributed
to the greater toxicity of n-Ag through mechanisms of
particle-specific antimicrobial properties and released Ag’
which enters the cell more easily.®” The expression of trad
gene for F-pili encoding is promoted slightly only by n-Ag
under both light and dark conditions, indicating that traA
gene expression may be facilitated by Ag" released from n-Ag
under light and dark, and may contribute to phage infection
under these conditions (Table 3).

However, the expression of membrane protein genes may
not be the major factor in how individual ENMs affect phage
infection in this study. As shown in Table 3, no increase in
phage infection is observed when exposed to n-TiO, under
dark even though ompF gene expression increased, and the
effect of n-Ag on phage infection increase is not enhanced in
a pattern commensurate with the dramatic elevation of the
ompF gene expression at 20-50 pg L' n-Ag under light
(Fig. 1c and 3c). In addition, the tolAIIl gene expression is
either unchanged or slightly down-regulated when exposed to
n-TiO, or n-Ag under light or dark (Table 3). The far distance
between the ordinates of ompF or tolAIll gene expression data
centroid and the data point clusters in the NMDS plot in Fig.
S4 also indicate weak association between these two genes
and the F-pili-related genes. These observations suggest that
1) the periplasmic protein TolA, integral to filamentous
phage infection, is not stressed, damaged, or stimulated by
either of the two ENMs individually under these experimental
conditions, and 2) there are alternate routes to pass through
the outer membrane, not involving the outer membrane
protein, OmpF, that the ompF gene encodes (Fig. 1c), as the
expression of the two membrane proteins does not track the
patterns of ENMs' effects on OMP or phage infection.

As mentioned previously, the outer membrane protein,
OmpF, is associated with the outer membrane transport*>®®
and it also serves as a receptor for certain phages, including
phages A, K20, Tula, and T2.*® The increased OMP or lipid
peroxidation caused by ENMs may allow phage entry to the
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periplasmic space to activate the receptors (related to TolA
and other Tol-Pal proteins) on the cytoplasmic membrane to
complete the infection process,*”*>”° possibly bypassing the
OmpF protein (Fig. 1c). The up-regulation of the ompF gene
with exposure to n-TiO, under light and slightly under dark
(especially in comparison to down-regulation or no change of
most of the other tested genes) and n-Ag under light and
dark suggests possible triggers related to ENM-induced ROS
generation (under light),”" released Ag®,> and physical
attachment of ENMs (under dark). There are dramatic
increases in the ompF gene expression with n-Ag exposure
under light and the effect is amplified with increasing n-Ag
concentrations, suggesting a cumulative result from all
pathways - ROS generation,”>”* released Ag' caused by n-Ag
dissolution,” and attachment of n-Ag on the cell surface.®”
Although there is an overlap between causes of ompF gene
stimulation and mechanisms of OMP increase,** our findings
suggest little to no association between ompF gene expression
and phage infection under the stress from n-TiO, or n-Ag
which can be explained by the outer-membrane-damage-
induced phage entry.

3.2.2 Synergistic regulation of gene expression by the ENM
mixtures under light. When bacteria are exposed to n-TiO, +
n-Ag mixtures in the dark, the expression of select genes
mostly shows no change or down-regulation, except under a
few conditions, relative to the control group treated by n-Ag
only (Fig. 5). In Fig. 5a under light, slight increases (33-53%)
are observed in the ¢raA gene expression of samples exposed
to ENM mixtures at low n-Ag concentration (5 ug L™, all n-
TiO, levels) or higher n-TiO, concentration (0.5 mg L, all
n-Ag levels) compared to the n-Ag-only control. In contrast,
we observe striking increases in the expression of ¢raX (0.9-to-
2.7-fold), traV (1.2-to-5.0-fold) as well as tolAIll (1.9-to-5.5-fold)
genes at higher concentrations of n-Ag (20-50 pg L") and all
n-TiO, concentrations. The ompF gene expression shows
slight increases (35-56%), almost insignificant, compared to
the n-Ag-only control.

The patterns in the gene expression data are more
amplified and show greater statistical significance under
light when we analyze the data by comparing to control
samples in the absence of ENMs (Fig. S6). Clearly, at higher
concentrations of n-Ag (20-50 pg L") under light, the effects
of the ENM mixtures on the expression of these genes are
greater than the sum of effects of n-TiO, and n-Ag acting
alone. For example, 20 pug L™" n-Ag induces a 0.5-fold increase
in the expression of ¢raV gene under light (Fig. 4c and f), and
0.2 mg L' n-TiO, induces a 1.1-fold increase (Fig. 4a and e).
When exposed to 20 pg L™ n-Ag + 0.2 mg L™ n-TiO, mixture
under light, an increase of 5.1-fold is reached in the same
gene expression (Fig. S6-e and m). Under dark, the results
show negligible changes compared to the no-ENM control,
except for very few cases presented in Fig. S6-b, h and n.

In Table 4, we summarize qualitatively the effects of the
binary ENM mixtures on OMP,*" phage infection (Fig. 3),
and gene expression (Fig. 5 and S6) to identify trends

among these phenomena. Our results (Fig. 5) reveal

This journal is © The Royal Society of Chemistry 2026
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Table 4 A qualitative summary of the effects of the ENM mixtures on cell OMP, phage infection, and the expression of select genes

ENM mixtures under SSI

ENM mixtures under dark

Phenomena Compared to n-Ag Compared to no-ENMs Compared to n-Ag Compared to no-ENMs
OMP ++ +++ 0 0
Phage infection - 0 - 0
F-pili-related genes traA 0 + 0 +
traX ++ +++ 0 0
trav ++ +++ 0 0
Membrane protein genes ompF 0 -+ 0 +
tolAIIT ++ +++ 0 0

Note: “+” represents a promoting effect, “0” represents negligible or no significant effect, and “-” represents a suppressing/inhibiting effect.

OMP = outer membrane permeability.

significant up-regulation of certain tested genes (e.g., traX,
traV and tolAIIl) with exposure to n-TiO, + n-Ag mixtures at
certain concentration ranges (e.g., 20-50 pg L' n-Ag) under
light. NMDS plots (Fig. S7) showing clusters with respect to
n-Ag concentration range under light and the high similarity
between traX, traV, and tolAIll gene expression data also
confirm our observations from a statistical perspective.

The up-regulation of genes under light, especially at high
n-Ag concentrations, aligns with increased OMP but does not
correspond to greater phage infection (Fig. 3). In fact, the
phage infection is suppressed or shows negligible differences
relative to individual ENM controls, despite enhanced ROS
production under light as evidenced in previous research,****
elevated OMP,*" and synergistic effects on gene expression.
This can be attributed to a variety of factors associated with
the formation of the more phototoxic n-Ag/n-TiO, composite
(Fig. 6f and S10) that produces more ROS and may inactivate
phages,”® cause greater damage to F-pili or critical membrane
proteins, disrupt normal bacterial functions, and/or
physically interfere with phage-cell contact. The fact that the
tolAIll gene expression is stimulated significantly with
exposure to n-TiO, + n-Ag mixtures under light (Fig. 5 and
S6) but is otherwise unaffected under conditions of
individual ENM exposure (Fig. 4) suggests that the greater
level of ROS generation goes beyond damage to outer
membranes and impairs the periplasmic protein, TolA.
Although tolAIIl gene expression can be regulated by other
mechanisms, such as the fumarate and nitrate reductase (fnr)
gene in response to oxygen levels,”> in our experiments
oxygen levels are unchanged and thus, it is logical to
attribute the up-regulation of the ¢olAIIl gene to TolA damage.
Metal ENMs, such as n-TiO,, n-Ag, n-Au, and n-ZnO, have
been shown to wup-regulate genes related to cellular
components or metabolism in bacteria,”® zebrafish,”””® and
mice’®*° as a response to oxidative stress or stress-induced
inflammation and apoptosis. Based on our results, we
propose that the binary ENM mixtures cause severe sublethal
stress to cells such as damaging periplasmic membrane
proteins to suppress phage infection. At the same time, this
damage activates repair processes (e.g., SOS response) as
reflected by the stimulated gene expression at higher
concentrations of n-Ag (>20 pg L") under light which lessens

This journal is © The Royal Society of Chemistry 2026

or offsets the inhibitory effects on phage infection observed
at lower n-Ag concentrations and all concentrations in the
dark (Fig. 3).

The fact that the relative expression level of ompF with
exposure to the ENMs mixtures exhibits significant increase
compared to no-ENMs control (Fig. S6) while unchanged
compared to n-Ag-only control (Fig. 5 and Table 4) supports
the previous discussion about ompF gene stimulation
associated with released Ag' from n-Ag and ENM
attachment to the cell surface. The trend does not follow
the patterns of ENM effects on phage infection further
confirms the alternate phage entry into the periplasmic
space that bypasses the OmpF protein that the ompF gene
encodes (Fig. 1c).

3.3 Effects on cell surface properties related to phage-cell
contact

In addition to increasing OMP, ENMs are reported to alter
other biophysicochemical properties of bacterial cell surface,
such as F-pili density and surface charge, which may affect
phage-cell contact and ultimately influence phage entry and
infection rates.”*** Our results show up-regulation of F-pili-
related genes, specifically traX (for acetylation) and t¢raV (for
assembly), induced by n-TiO,, n-Ag, and their mixtures under
light (Fig. 4 and 5). To further investigate these phenomena,
specifically F-pili density and phage-cell contact, we image E.
coli cells pre-treated with n-TiO, and n-Ag and their mixtures
under light and infected by phage f1 (Fig. 6) using S/TEM. In
addition, we measure the zeta potential of the ENMs and
their mixtures under light and dark (Fig. S11) to investigate
how ENMs may modify electrostatic interactions at the
bacterial surface.

Bacterial cells are covered with pili (thin, hair-like
structures) for adhesion, among which the F-pili, also
referred to as the sex or conjugation pili, are fewer, with a
number of 1-4, thicker, and longer than the general pili.*!
They can extend up to 20 um (ref. 82) and play a significant
role in connecting the donor and recipient cells in
conjugation (Fig. S8), as well as recognizing filamentous
phage and promoting phage-host interaction as mentioned
previously.”> When exposed to ENMs under light, particularly
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n-Ag (50 ug L") and the binary ENM mixtures at higher n-Ag
concentration, and in comparison to the no-ENM control
under light in Fig. 6a, other pre-treated samples (with n-TiO,
and the binary ENM mixtures with low n-Ag concentration)
in Fig. 6b and d, and samples exposed to the same doses of
ENMs under dark in Fig. S9, there is a noticeable increase in
the pili/F-pili density on the cell surface which may be
facilitated by ENMs, observed to approach or bind to a
nearby phage, as shown in Fig. 6¢ and e. Under dark, there
are no visible differences in the pili density among all
samples, with or without ENMs (Fig. S9).

Our findings are supported by previous studies where a
correlation between enhanced F-pili-related gene expression
and increased phage infection associated with the exposure
to n-TiO, was reported.>?° It has been reported that up-
regulation of F-pili-related genes and increased pili density
may be associated with not only enhanced phage entry into
the cell but also a stress response of the host cell,**** which
explains the increased pili/F-pili density with exposure to the
binary ENM mixtures that induce more ROS damage to the
cell (Fig. 6e).

We also observe ENMs, especially the binary ENM
mixtures, accumulating and attaching to the cell surface
(Fig. 6f and S$10), which may affect phage infection in
additional ways. On one hand, ENMs at low concentrations
form smaller aggregates than at high concentrations (Fig.
Si1-a), and therefore, have higher mobility and relative
surface area, exhibiting higher activity which may
contribute to their effects on OMP*" and phage infection
(Fig. 2). The complex interactions between different entities
of the ENMs-bacteria-phage system can also influence the
aggregation behavior of ENMs and in turn, affect their
toxicity and ecological impacts. For example, Zhang et al.*
revealed that the biological binding, mediated by phage-
specific recognition, between n-Ag and phage facilitated
the aggregation of n-Ag (0.1 mg L") on the host cell
surface upon phage infection, which caused further ENMs-
induced  oxidative  stress  and membrane
destabilization that promoted phage infection and
transduction. However, we observed that over the Ilow
concentration range in our study, the aggregate sizes of n-
TiO, + n-Ag mixtures varied between 300 nm and 500 nm
(Fig. S11-b and -c), did not show an increase in size with
an increase in concentration, and was unaffected by light
or dark conditions. Thus, aggregation in the ENM mixtures
is not a primary factor influencing phage infection when
exposed to low concentrations of mixed n-TiO, and n-Ag
under the conditions of this study. Additionally, the
accumulation of a more toxic n-Ag/n-TiO, composite
(Fig. 6f and S10) on host cells and phages may exert a
combination of effects, such as inactivating phages by high
ROS generation,”* physically interfering with phage-cell
interactions by blocking the recognition sites or phage
entry at cell surface, and/or impairing phage-related
membrane proteins as mentioned above, to disrupt phage
entry into the cell.

outer
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ENM aggregation at the cell surface may also affect
bacterial-phage electrostatic interactions.”>** In LMW (pH
~ 8.3), the zeta potential of n-TiO, ranged from -14 to -15
mV under light or dark (Fig. S12). The zeta potential of
n-Ag varies from -4 to —10 mV after 2 hours of exposure to
light and the value becomes less negative as n-Ag
concentration increases (Fig. S12-a). Under dark, n-Ag shows
a more negative zeta potential, ranging from -9 to -12 mV
(Fig. S12-b). Bacteria cells, like E. coli, are negatively charged
in freshwater with an average zeta potential of —25 to -30
mV.*> Phage particles are also negatively charged at neutral
pH with zeta potential of around -39 mV.*® Therefore,
ENMs with less negative charge or patches of positive
charge may reduce the repulsive electrostatic force between
phages and cells, thereby contributing to favorable phage-
cell interactions as indicated by the ENM effects on phage
infection in Fig. 2. Although the zeta potential of n-TiO, +
n-Ag mixtures is more negative than the two ENMs
individually except for the mixtures containing 50 pg L™
n-Ag under light (Fig. S12-a), the nanocomposite is still less
negatively charged than either the bacteria or phage and
can reduce repulsive interactions between phage and cell to
a small degree. Thus, in contrast to previous reports,
electrostatic interactions between the n-Ag/n-TiO, composite
and cell or phage surfaces are unlikely to be more than a
minor factor to explain the diminished phage infection of
ENM mixtures under our experimental conditions.

3.4 Mechanistic effects of photoactive ENM exposure on
phage entry and infection

We summarize the results of this study in Table S5 and
illustrate possible mechanisms of interactions operating
between ENMs, phage, and bacteria in Fig. 7.

Under light, pre-treatment with n-TiO, or n-Ag results in
increased phage infections (Fig. 2a and c) through a number
of potential interactions, among which the primary impact is
increased OMP as detailed in our previous work.*' A
secondary interaction is related to potentially diminished
negative charge on the phage capsid and/or bacterial surface
due to exposure to individual ENMs, with n-Ag exerting a
greater effect than n-TiO, (Fig. S12). E. coli exposure to
photoactivated n-TiO, or n-Ag signals up-regulation of F-pili-
related genes (with the effect on traX and traV greater than
on trad) and increased pili density in patterns that follow the
trends of phage infection results (Fig. 2, 4 and 6). Although
ENM exposure under light or dark may trigger the expression
of the ompF gene, the pattern of ompF gene expression does
not follow the trends of OMP or phage infection
measurements and thus, the OmpF protein is unlikely to be
a key factor in promoting ENMs' influence on filamentous
phage entry into the cell. Expression of the ¢olAIll gene is
little affected by single ENM exposure under either light or
dark conditions. While n-Ag has no effect on cell OMP under
dark,*" a slight increase in phage infection (Fig. 2d) is
observed in samples pre-treated with n-Ag under dark,

This journal is © The Royal Society of Chemistry 2026
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Fig. 7 Possible mechanisms of how (a) individual photoactive ENMs
(e.g., n-TiO, or n-Ag) and (b) the binary ENM mixtures under
environmentally relevant conditions affect phage infection. Bold lines/
arrows indicate significant contribution to ENMs' effects on phage
infection, thin lines/arrows indicate minor contribution, “+” indicates a
promoting effect, and “(-)” with dashed lines indicates a suppressing/
inhibiting effect. The red “X” suggests possible damage by ROS.

possibly resulting from oxidative stress induced by released
Ag" or favorable electrostatic interactions at the bacterial or
phage surfaces due to Ag" sorption.®” Overall, as illustrated
in Fig. 7a, sublethal and environmentally relevant
concentrations of n-TiO, or n-Ag under light generate ROS,
damaging the outer membrane, increasing its permeability,
triggering cellular stress, and stimulating gene expression
that promotes F-pili formation and density. The combination
of these effects enhances phage entry into the periplasmic
space of the cell and results in increased phage infection.

In contrast to individual ENM exposure, phage infection
in response to exposure to n-TiO, + n-Ag mixtures under light
and the concomitant formation of n-Ag/n-TiO, composites
show dissimilar trends with respect to OMP and select gene
expression. When E. coli is pre-treated with n-TiO, + n-Ag
mixtures, we observe an overall suppressing effect on phage
infection compared to individual ENM effects under light or
dark (Fig. 3), which at first glance seems inconsistent with
the synergistic effects on increasing OMP,*! gene expression
(Fig. 5 and S6), or F-pili density (Fig. 6e) under light. Our
previous work has detailed the formation of a self-assembled
and highly reactive n-Ag/n-TiO, composite that produces
higher ROS yields"* and synergistically greater OMP*" relative
to individual ENM exposure, leading to damage to the
periplasmic membrane protein TolA as evidenced by the up-
regulation of the tolAIIl gene (Fig. 5). Although F-pili-related
genes are up-regulated and F-pili density increases, TolA

This journal is © The Royal Society of Chemistry 2026

View Article Online

Paper

damage disrupts the final steps of phage infection and
explains why the greater OMP with exposure to the binary
ENM mixtures results in suppressed rather than augmented
phage infection, as illustrated in Fig. 7b. In addition, the
ENM mixtures may also inactivate phage by increased ROS
yields”* and/or disrupt the phage-host interactions by
attaching to phages or cells (Fig. 6f) and blocking receptors
or entry for phage. The effects of n-Ag and dissolved Ag" on
phage infection in the dark are also suppressed in the binary
ENM mixtures (Fig. 3b) due to Ag" adsorption on the n-TiO,
surface.”?

4 Conclusion

In this study, we evaluate the impacts of n-TiO, and n-Ag at
sublethal doses, individually and in mixtures, on the
infection by filamentous phage f1 in a freshwater medium
and interrogate how photoactive ENMs influence phage-
bacterial interactions at a mechanistic level by exploring cell
surface properties and the expression of select genes. Under
light, n-TiO, or n-Ag induces measurable increases in phage
infection, stimulates F-pili-related gene expression, and
increases F-pili density in patterns consistent with increased
OMP. Under dark, n-TiO, has minimal effect on phage
infection, n-Ag induces slight increases, and neither of the
two ENMs causes any significant changes to gene expression
or F-pili formation. In contrast to individual ENM effects,
exposure to binary ENM mixtures under light triggers large
increases in OMP, F-pili-related gene expression, and pili
density but suppresses phage infection, an effect likely
related to damage to the membrane protein, TolA, which is
critical to the phage infection process. These results detail
the complex interactions between ENMs, phage, and cells to
again demonstrate that synergistic interactions of ENM
mixtures at sublethal concentrations under representative
environmental conditions produce differential cellular
responses in bacteria which are not predicted by effects of
individual ENM exposure and are mediated by ROS-induced
effects that increase OMP, modify cellular structures critical
to phage entry to the host cell, and trigger cellular repair.
Furthermore, these results suggest that sublethal, photoactive
ENM stress may alter the mode and patterns of phage
infection and future research is needed to explore such
effects on microbial diversity and evolution over the long-
term and the influence of other important environmental
conditions, such as the quality and quantity of natural
organic matter, hydrological factors, and the presence of
other contaminants.
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