Supplementary Information (SI) for Environmental Science: Nano.
This journal is © The Royal Society of Chemistry 2025

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

freshwater

Supplementary Information

Shushan Wu ?, Stefanie Huttelmaier ?, Jack Sumner ?, Erica Hartmann 2, Kimberly Gray @

 Department of Civil and Environmental Engineering, Northwestern University, 2145 Sheridan
Road, Evanston, IL, 60208

* Corresponding author: Kimberly Gray. Email: k-gray@northwestern.edu.



Contents

List of Tables

Table S1. Summary of literature about effects of ENMs on phage structure and phage infection
Table S2. Characterization of n-TiO2 P25 and n-Ag

Table S3. Targeted F-pili and membrane protein genes and primers

Table S4. Pearson’s correlation coefficient

Table S5. A qualitative summary of ENMs effects on cell surface structures, gene expression, and
phage infection

List of Figures

Figure S1. Characterization of n-TiO2 P25 and n-Ag (X-ray diffractogram, size distribution,
UV—vis spectra, TEM, and EDS graphs)

Figure S2. Effects of low concentrations (0-500 pug/L) of n-Ag on phage f1 infection
Figure S3. Effect of light on phage f1 infection

Figure S4. NMDS plot of gene expression data of samples treated with individual ENM (n-Ag or
n-TiO; P25).

Figure S5. Effects of low concentrations of n-TiO; + n-Ag mixtures on E. coli genes expression
under light and dark relative to n-Ag-only control

Figure S6. Relative E. coli gene expression exposed to the ENM mixtures under light and dark
compared to no-ENMs control

Figure S7. NMDS plot of gene expression data of samples treated with the ENM mixtures.
Figure S8. S/TEM image of F-pilus

Figure S9. S/TEM images of E. coli pre-treated with ENMs in dark and infected with phage f1
Figure S10. EDS analysis of the n-TiO2 and n-Ag mixture attached to the E. coli cell

Figure S11. Aggregate size of n-TiO2 P25 and mixtures with n-Ag in LMW

Figure S12. Zeta potential of n-TiOz P25, n-Ag, and their mixtures in LMW



Table S1. Summary of literature about effects of ENMs on phage structure and phage infection.

ENMs
(Type, size, and Experiment setup Results Reference
concentrations)
Ph Phages T4, T7, M13,
nZVI age and MS2 Inz;ctivatt)ilon obiler;/ed at (;.1 and lhmg/L doses. M13dapple)are(i to be the 1molst
o . : vulnerable to all forms of nZVI, whereas T7 appeared to be almost completely
(? t'ypes. P rlstlnve,vpar‘Flally Bacteria host 536(615 BL21 or resistant. Pristine, partially oxidized, and completely oxidized inactivated phages Faza etal.
oxidized, and oxidized; <100 via redox reactions involving virion proteins, reactive species generated upon
nm; 0.01-10 mg/L) ENMs exposure TM buffer oxidation, and released iron ions, respectively.
media
Phage Phgges MS2 and High concentration of phage MS2 was completely inactivated by 40 mg/L nZVI at
PhiX174 pH=7, while complete inactivation of phage PhiX174 could not be achieved. nZVI
nZVI Bacteria host E. coli (ATCC 15597 | destroyed surface protein of phage, causing distortion of shape and rupture of | Cheng et
(50 nm; 20-100 mg/L) and ATCC 13706) capsid. The primary reason for inactivation was the destruction of nucleic acid. | al. 2
ENM:s exposure Nutrient brofh Ir}activation of RNA viruses (phage MS2) by nZVI was more effective than DNA
media utrie 0 viruses (phage PhiX174).
Phage Phage 2 nZVI was more efficient in phage {2 inactivation than commercial iron powder.
Phage removal rate increased as nZVI dose and rotation rate increased. pH and Oz
nZVI Bacteria host | E. coli 285 are determinants of phage removal rate. The removal efficiency was higher in | Cheng et
(50-100 nm; 10-100 mg/L) aerobic conditions. ROS was the primary mechanism for phage inactivation under | al, -4
Cell culture ; aerobic conditions. The interaction between phage and nZVI was the main reason
. Nutrient broth ¢ . 0
conditions in anaerobic conditions.
Bacterial cellulose-supported Phage Phage MS2 BC-nZVI1 prepared with lo.w goncentration of FeSOfx dispersed nZVI, reduced
nZVI (BC-nZVI) . . agglomeration, delayed oxidation, and reduced the influence of pH on phage Yuan et al
. Bacteria host | E. coli (ATCC 15597) | inactivation. The inactivation process had two phases: the first 5 min of high | ’
(~ 200 nm; 20-60 mg/L ENMs exposure Nutrient broth efficiency inactivation (main factor affecting removal rate was superoxide and
nZVI) media utrient brot Fe[IV]), followed by slow inactivation (mainly affected by -OH).
Fe/Ni NPs were more efficient in phage inactivation than nZVI. Optimal efficiency
Phage Phage f2 achieved with Fe:Ni=5:1 and pH=6. The removal efficiency was higher in aerobic
conditions than anaerobic and was positively related with rotation rate and
Fe/Ni rticl . ‘ negatively related with initial concentration of the phage. NPs dose could increase
N 1n.an0p articies Bacteria host | E. coli 285 the removal efficiency of phage f2 but decrease the removal efficiency when the Clhegng ot
(~93 nm; 20-80 mg/L) dose was too much because of the aggregation of NPs. High temperature improved al.
ENMs exposure the reaction rate at the initial stage (first 5 min) but decreased the removal efficiency
dP Nutrient broth due to the accelerated corrosion of iron. The mechanism of phage inactivation was
media mainly by ROS generated from oxidized iron ions and Ni(0) as catalyst.
Phage Phage T4s Decreased phage lytic performance was observed with SiO2 ({~-51 mV) and FesOs- | Stachurska
Si0: (¢ ~ -37.6 mV) NPs and increased phage lytic performance was observed with | et al. ’




n-Si0,, n-TiO,, n-Fe;04, and
TiOz-SiOz, Fe304-Si02, SiOQ-

Bacteria host

E. coli K12 C600

F6304-Ti02 NPs

other NPs ({-25 mV to 36 mV). It can be hypothesized that the nanoparticle charge,
negative or positive, is not enough for the phage to attach specifically to the particle.
Zeta potential of NPs is of great influence. NPs with { <-35 mV bind with tail fibers

) ENMs exposure| TM buffer and LB of phage, decreasing phage infection. NPs with { > 35 mV bind with phage head and
(20-120 nm; 0.5-0.05 media broth NPs with £ in between have nonspecific binding with phage. In both cases, phage
mg/mL) lytic performance increased.
Phage Engineered phage n-TiO2 improved adsorption of phage to cell and impaired cell membrane stability,
n-TiO, M13 promoting the entry of phage to cell. n-TiOz induced intracellular ROS generation
) Bacteria host | E. coli TGl which enhanced the expression of pilus-related genes, contributing to phage | Han et al.
(5-100 nm; 0.05-50 mM) transduction. 0.5 mM and 20-50 nm n-TiOz had greatest effects on transductant
ENMs exposure :
media PBS buffer formation.
Phages KL and
n-Ag Phage | RG2014
. ; Incubated with uncoated n-Ag reduced 96% phage plaque yield, while PVP-coated
l(gnco.agegzgsndol;\s/P-C(()iaie;lé Bacteria host Ig l; nerurzozzlae. and n-Ag increased phage infection up to 250%. The inhibitory effect of n-Ag on phage | Gilcrease
i, U920, 2 Y and 1. - LSurunatensis . infection was dependent on the binding of metal nanoparticles to exposed positively | et al. ?
mg/L to bact}el:rla,)lo mg/L to ENMs exposure LB broth for bacteria, | charged C-terminal amino acid residues on the phage capsid surface.
age
phag media SMG/TM bufter for
phage
Ph Engineered phage n-Ag improved the transduction efficiency of planktonic bacteria by increasing
n-Ag age M13 membrane permeability induced by intracellular oxidative stress. Phage-specific N
- - iti iologi indi ili i i - Zhang et
. . ) Bact host | E. coli XL1-bl recognition and biological binding facilitated the bacterial adhesion of n-Ag. 0.1
(Uncoated, 6-1 /(inm, 0.01-10]_Bacteria hos con ue mg/L n-Ag had the largest effect of increasing transductants to 4-fold. Moreover, n- | al. '°
mg/L) ENMs exposure 2x yeast extract Ag exposure led to the formation of thinner biofilms, which further increased phage-
media tryptone medium mediated the ARGs dissemination in microplastic-attached biofilms.
Phage - n-CuO induced lysogenic bacteriophage infection in the bacteria. n-CuO also
n-CuO Bacteria host | P. aeruginosa PAO1 decreased denitrification gene expression and up-regulated gene Guo et al.
(<50 nm; 1, 10, 50 mg/L) |ENMs exposure| Glycerol modified expression for copper resistance, resistance-nodulation-division, P-type ATPase | !
media M9 medium efflux, and cation diffusion facilitator transporters.
e o A2 londed THO Phage Phage MS2 Enhanced photo-activated bactericidal and virucidal activities were obtained by
naAnoOwWir mg mbrane ( i2n Bacteria host | E. coli (ATCC 15597) | nanowire membranes with effects: Cu-Ag-TiO2> Ag-TiO2>TiO>>Cu-TiOz. Cu-Ag- | Rao et al.
anow If—TieOZ P2a S)e using ENMs exposure| PBS buffer; UV TiO2 membrane achieved an E. coli re_mov_al _of 7.68 log ar}d bacteriophage MS2 | 12
media irradiation removal of 4.02 log under 254 nm UV irradiation after 30 minutes.
n-Ag (PVA-capped, ~ 21 nm; Phage Phage MS2 Prior exposure to n-Ag or Ag" ions did not inactivate the bacteriophage. When
1-5 mg/L); Bacteria host | E. coli (ATCC 15597) | bacteria were exposed to MS2 and NPs simultaneously, both n-Ag (5 mg/L) and n- | You et al.
n-ZnO (~ 39 nm; 5-20  [ENMs exposure ZuO (20 mg/L) increased phage infection by 2-6 orders of magnitude via plaque | 13
mg/L) media PBS buffer count.
Iron-doped apatite Phage Phages Bxzl and P2 ) ] ] ) . .
nanoparticle (FeNP) i s and E Exposure to NPs of bacteria and bacteria/phage increased phage infection 11%-24% | Nickel et
Bacteria host - Smegmans and L. iy plaque count. NPs’ accumulation towards poles of cells possibly made receptor | al. '

(100 nm; 7.5 and 12.5 mM)

coliA)Xand B




ENMs exposure

7H9 mixture and LB

sites more available for phage absorption and infection. NPs affected cell outer layer,

Light source: Xenon
lamp >400 nm

ENMs exposure
media

Sterilized water with
HCI and NaOH

increase of initial virus concentration. Free ROS in the bulk phase played a crucial
role in phage f2 inactivation, while competitive adsorption in the mixed system
played a certain role in E. coli inactivation.

media broth making cells less resistant to phage infection.
Effects of photoactive ENMs under light on phage
i Phage Engineered phage n-TiO2 photoexcitation promoted phage transduction efficiency and transductant
n-TiO; (20 nm; 0.5 mM) Mi3 formation greatly. Extracellular ROS damaged cell membrane and intracellular ROS Xiao et al
ILight source: UV irradiation| Bacteria host | E. coli TG1 induced pilus synthesis, contributing to phage invasion. Excessive UV irradiation | 75 :
(365 nm; 150 pW/em?) |ENMs exposure led to cell death and phage inactivation and consequently, reduced phage
media PBS buffer transduction efficiency.
n-TiO, Phage Engineered phage In the dark, n-TiO: exhibited an antagonistic effect on phage transduction promoted
(20-40 nm anatase; 0-80 Mi3 by HA due to its adsorption on HA. Under illumination, the combination of n-TiO2 Zhane et al
mg/L) Bacteria host | E. coli XL1-blue and HA synergistically facilitates phage transduction due to increased ROS | "¢ & )
Light source: UVA light |ENMs exposure| 2x yeast extract generation (O2”) that promoted the membrane permeability and intensified
(120 pW/cm? 1 hr) media tryptone medium intracellular oxidative stress.
Phage Phage MS2 Low concentration of n-TiO:z inactivated phage MS2 slightly with or without
) ambient light at room temperature. The presence of quartz sand hindered the
n-TiO, . . inactivation, probably by blocking the migration of electrons to TiO2 NPs and hence Svneouna
(25 nm anatase; 10 mg/L) Bacteria host | E. coli (ATCC 15597) reducing possible ROS production, which in turn decreased MS2 inactivation. PBS 3] lg 17
Light source: ambient light hindered phage inactivation by n-TiO: because of possible increased MS2 ctal
ENM s exposure| Distilled deionized aggregation in PBS solution due to binding of phosphate to positively charged
media water and PBS buffer | lysine, a hydrophilic amino acid residue found at MS2 proteins.
n-TiO> (25 nm P25; 1 g/L) Phage Phage MS2 n-TiO2 enhanced the inactivation of phage MS2 and murine norovirus (MNV) by
Light source: UV-A, 10W | Bacteria host | E. coli (ATCC 15597) | UV-A. The addition of TiO: increased the efficacy of UV-B disinfection for Lec ot al. 18
and UV-B, 8W; 0.14 ENMs exposure] Groundwater and inactivating MS2, but did not significantly increase the inactivation of MNV, cectal.
mW/cm? media PBS buffer possibly due to the difference in genome size.
n-TiO, Phage Phage MS2 Significant inactivation of phage MS2 took place only in combination with TiO2 and
(~20 nm P25; 0.01-0.2 light irradiation. The effect exhibited linear decrease with the passage of irradiation
K /m’3) T Bacteria host | E. coli (ATCC 15597) | time. The apparent rate constant for inactivation was approximately proportional to | Koizumi et
. & average light intensity and increased with an increase in TiO2 concentration. pH | al. °
nght source:20W blaczk ENMs exposure Distilled water dependency of the inactivation rates was associated with the electrostatic properties
light lamp, 8-23 W/m media of TiO2 and MS2 surfaces.
) Phage Phage 2 The nanofiber showed great inactivation abilities to E. coli and phage f2 under
Cu-TiO; nanofibers visible light. In the test range, initial pH did not affect the final inactivation
(100-200 nm diameter; 25- | Bacteria host | E. coli 285 efficiency. The removal. efﬁqency of bgcterlophage 2 increased with the increase Zheng et al.
150 mg/L) of nanofiber concentration, light intensity and temperature, but decreased with the | >,




Table S2. Characterization of n-TiO, P25 and n-Ag ?'.

. In MOPS In LMW
ENMs Primary
... | particle Mean L
T);f:i;l:d Purity size (nm) Aggregate zeta Aggregation Mz:‘:nf:;f Crystallinity
b size (nm) ¢ potential size (nm) ¢ P d
n-TiO; N » 84% Anatase,
22.4 1057 + 73 -22.6 894 £ 92 -14.4 .
pas | =995 16% Rutile
n-Ag
(Citrate 99.99% 10.8°¢ 37+7 -64.0 28+5 -59.8 Crystalline
stabilized)

4 From manufacturers’ websites. ® From XRD based on Scherrer equation. ¢ Measured by dynamic
light scattering (DLS) by Zetasizer, presented as average + standard deviation (n=3). The aggregate
size of n-TiO2 was measured with the concentration of 20 mg/L. The aggregate size of n-Ag was
measured with the concentration of 1 mg/L. ¢ Measured by Zetasizer. ¢ From XRD.

Table S3. Targeted F-pili and membrane protein genes and primers.

Name Primer sequences (5°-3’) Melt Function
temperature
Forward | AGT GTT CAG GGT GCT TCT . o
frad® | "Reverse | GCC TTAACC GTG GTG TT 88.5°C Encoding F pilin
| Forward | GCG GAA GAC AGA ATG GAA C . Affecting F pilin
raX™ Reverse | CAG CAC CGT CAT CAC AAG G 88.5°C acetylation
. | Forward | AGT GTT CAG GGT GCTTCT o Affecting F pilin
raV® Reverse | GCC TTAACC GTG GTG TT 89.5°C assembly
. | Forward | GAA CTT CGC TGT TCA GTA CC R Receptor for
OmpE " Reverse | CGT ACT TCA GAC CAG TAG CC 85.5°C phage f1
. | Forward | GCTATC GAAAGTAAG TTC TAT GAC G o Receptor for
(I "Reverse | CAA CGC AGCC TGA CAA AG 83.5°C phage f1
Forward | GGA AAC CAA CGG CAC AAT C Housekeeping
rpoA ? 85 °C gene
Reverse | GCA GTT AGC AGA GCG GAC AG (internal control)

Notes: # Primers adopted from Han et al. %,
® Primer adopted from Viveiros et al. %>
¢ Primer designed using the IDT PrimerQuest Tool.

Table S4. Pearson’s correlation coefficient (r) between phage infection and outer membrane
permeability ?! under different ENM treatments.

ENMs r Interpretation
n-TiO, P25 0.203 Weakly, positively related
n-Ag 0.34 Moderately, positively related
ENM mixtures -0.242 Weakly, negatively related




Table SS. A qualitative summary of ENMs effects on cell surface structures, gene expression,
and phage infection.

Under simulated sunlight irradiation Under dark
ENM mixtures ENM mixtures
Phenomena . n-
n-TiO: n-Ag Compared | Compared to TiO, n-Ag | Compared | Compared to
to n-Ag no-ENMs to n-Ag no-ENMs
Outer mem.b.rane + + ++ +++ 0 0 0 0
permeability
Phage infection + + - 0 0 + - 0
F-pili traA 0 + 0 + 0/- 0/+ 0 +
related traX + + ++ +++ 0/- 0/- 0 0
genes traV + + + +H 0/- 0/- 0 0
Membrane | P + =+ 0 +++ 0/+ + 0 +
protein genes| tolAIIl 0 0 ++ A+ 0 0/- 0 0
Pili/F-pili density + + + 0 0 0
. Less Less More Less Less Less More Less
Zeta potential . . . . . . . .
negative | negative | negative negative  |negative | negative| negative negative

Note: “+” represents a promoting effect, “0” represents negligible or no significant effect, and “-”
represents a suppressing/inhibiting effect.
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Figure S1. Characterization of n-TiO; P25 and n-Ag: (a) X-ray diffractogram (XRD) of n-TiO»
21 (b) size distribution and UV—vis spectra of n-Ag 2!, and (c) TEM and EDS graphs of n-TiO>
and n-Ag.
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Figure S2. Effects of low concentrations (0-500 ug/L) of n-Ag on phage f1 infection under (a)
light and (b) dark. The plaque counts of ENMs-free samples (control) under light or dark were
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Figure S3. Effect of light on phage f1 infection. The plaque counts of samples under dark were
set to 1 and the plaque counts under light were normalized accordingly.
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Figure S4. NMDS plot of gene expression data of samples treated with individual ENM (n-Ag
or n-TiO2 P25), stress value = 0.089. The label (trad, traV, traX, ompF, and tolAIII) is positioned
at the centroid of the data for each gene. P25 = n-TiO; P25.

Interpretation: The centroids of traX and #raV are closer, indicating high similarity between
traX and traV gene expression data and strong association between the two genes. The centroids
of tolAIll, traA, and ompF are far apart, indicating dissimilarity and weak association among
those data.

Considering the position of the two clusters formed by different ENM treatment, samples
exposed to n-Ag form a cluster (in light red) that covers traX, traV, and ompF centroids and is
close to the traA centroid but is far from the f0lAIII centroid; samples exposed to n-TiOz P25
form a cluster (in light blue) that covers the #ral centroid and is close to traX, tolAIll, and traA
centroids but is far from the ompF’ centroid. The relative position between clusters and centroids
shows that folAIll and ompF gene expression data are less similar to the F-pili gene expression
data, indicating weak association between to/A1ll and ompF genes and F-pili-related genes. The
observations correspond to the results in Section 3.2.1 and the qualitative summary in Table 3.
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Figure S5. Effects of low concentrations of n-TiO, + n-Ag mixtures on E. coli genes expression under light (a, c, e, g, and
i) and dark (b, d, f, h, and j) relative to n-Ag-only control. The dash lines mark the reading of 1, which is the relative
mRNA expression of n-Ag-only control at each n-Ag concentration (the lightest color bars). A value of 0.5-1 indicates no
significant change compared to the control. P25 = n-TiO, P25.
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(m) Under light

(n) Under dark

n-Ag  n-TiO2 P25 n-Ag  n-TiO2P25
traA traX traV ompF tolAlll traA  traX traV ompF tolAlll
(g/l)  (mg/L) P (g/l)  (mg/L) P
0 1 1 1 1 1 0 1 1 1 1 1
0 0.1 1.2 1.6 1.6 1.7 0.8 0 0.1 0.4 0.2 0.4 1.6 0.4
0.2 0.8 1.1 0.2 0.6 0.6 0.9 s 0.9
0.5 0.9 1.0 0.5 0.8 0.9 0.7 1.4 0.8
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Figure S6. Relative E. coli gene expression exposed to the ENM mixtures under light (a, c, e, g, and i) and dark (b, f, h,
and j) compared to no-ENMs control. P25 =n-TiO; P25. The dash lines mark the reading of 1, which is the relative
mRNA expression of bacteria without ENMs under light or dark. The values of #ral gene expression containing 50 pg/L
n-Ag are all above 15 (the last set of bars in Figure S6-¢). A value of 0.5-1 indicates no significant change compared to the
control. (m) and (n) are heatmaps.
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Figure S7. NMDS plots of gene expression data of samples treated with the ENM mixtures,
stress value = 0.086. The label (trad, traV, traX, ompF, and tolAIII) is positioned at the centroid
of the data for each gene. “High Ag” represents n-Ag concentrations of 20-50 pg/L, and “Low

Ag” represents n-Ag concentrations of 5-10 pg/L.

Interpretation: Clusters are formed mainly with respect to n-Ag concentration range in the
binary ENM mixtures. Data in the “High Ag” cluster (in red, samples exposed to the binary
ENM mixtures with high n-Ag concentrations) are more concentrated and closer to each other,
while data in the “Low Ag” cluster (in blue, samples exposed to the binary ENM mixtures with
high n-Ag concentrations) are further apart from each other, indicating stronger similarity and
association between data in the “High Ag” cluster and relative weaker association between data
in the “Low Ag” cluster.
Considering the position of centroids, the traX, traV, and tolAIIl centroids are closer to each
other, compared to the other two centroids, indicating high similarity between traX, traV, and
tolAIII gene expression data. The observations correspond to the results in Section 3.2.2 and the
qualitative summary in Table 4.
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7

Figure S8. S/TEM image of F-pilus connecting two E. coli cells, possibly in conjugation.

Figure S9. S/TEM images of E. coli pre-treated with ENMs in dark and infected with phage f1:
(a) control without any ENMs, (b) exposed to 0.2 mg/L n-TiO», (c) exposed to 50 pg/L n-Ag,
and (d) exposed to 0.2 mg/L n-TiOz and 50 pg/L n-Ag mixture. The red arrows point to the
pili/F-pili that are relatively difficult to observe on the bacteria.
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Figure S10. EDS analysis of the n-TiO2 (0.2 mg/L) and n-Ag (50 pg/L) mixture attached to the
E. coli cell.
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