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Introduction

Engineering hydrophobic and electrostatic
interactions for selective inactivation of
bacteriophages by mixed-ligand nanoparticlest

Sada Raza, (¥ ** Pumza Mente,® Bartosz Kaminski,® Barttomiej Boriczak,?
Hossein Maleki-Ghaleh,? Visesh Vignesh® and Jan Paczesny () *®

Bacteriophage contamination poses significant challenges in bacteria-based industries, disrupting pro-
cesses that rely on bacterial metabolism, such as insulin production using Escherichia coli. This study
introduces mixed-ligand nanoparticles (MLNPs) as a novel solution for selective phage inactivation while
preserving bacterial viability. By controlling the ratios of positively charged ((11-Mercaptoundecyl)-N,N,N-
trimethylammonium cation, TMA), negatively charged (mercaptoundecanate anion, MUA), and hydro-
phobic (dodecane-1-thiol, DDT) ligands, MLNPs leverage tailored multivalent interactions to disrupt bac-
teriophage functions. The optimum MLNP formulation (60:20:18 ratio of TMA: MUA: DDT) achieved
complete phage inactivation (7 log reduction) within 9 hours at 25 °C, a significant improvement over tra-
ditional methods that require harsh conditions, elevated temperatures, and/or extended durations. Our
results demonstrate that hydrophobic ligands enhance phage inactivation while maintaining bacterial via-
bility, with survival rates exceeding 90%. The MLNPs were tested against diverse bacteriophages, including
MS2, M13, Qf, LR1_PAO1, and vB_SauS_CS1, achieving broad-spectrum efficacy without significant harm
to host bacteria. Furthermore, cytotoxicity tests on mammalian 3T3 NIH fibroblast cells confirmed the
high biocompatibility of MLNPs, with cell viability exceeding 90% at effective concentrations. This study
highlights the potential of MLNPs as a selective and cost-effective tool for managing bacteriophage con-
tamination, offering advantages for industrial and medical applications by ensuring bacterial productivity
while mitigating phage-induced disruptions.

contaminated processes, and sources like raw materials,
recycled ingredients, and unsterilized air/surfaces within the

Bacteriophage contaminations pose a severe and persistent
challenge in bacteria-based industries. Despite a plethora of
well-known and broadly used disinfection strategies, phage
infections routinely lead to significant economic losses by
product spoilage and production line disruptions. This issue
is of particular importance in critical biomedical bacterial pro-
ducts such as insulin, where Escherichia coli is routinely used
for hormone production.

Phage contaminations occur due to various factors such as
the external introduction of phages, carryover from previously
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production environment.>® Existing strategies to combat
phage contamination include good laboratory practices, strict
factory hygiene, sterilization, and disinfection using chemicals
like Virkon (1%), sodium hypochlorite (2500 ppm available
chlorine), and ethanol (75%).* Physical methods such as elev-
ated temperatures,” UV radiation,® and high-pressure treat-
ments are also employed.””® However, despite advancements in
these preventive and disinfectant approaches, the total effec-
tiveness of phage infection treatments was inconsistent and
varied due to factors such as phage resistance.’

The poor reliability of existing techniques necessitates ree-
valuating current strategies and exploring novel approaches to
effectively and consistently mitigate phage contamination in
bacteria-based factories. Nanoparticles like silver and gold
have shown promise in antimicrobial applications,'®"" but
their effectiveness against phages and potential side effects
remain uninvestigated.'>"?

Nanoparticles with mixed ligand shells can selectively inter-
act with either bacteriophages or bacteria due to the
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multivalent interactions arising from the varied ligand
ratios.”® These multivalent interactions significantly enhance
the specificity and strength of target binding.'* Particular
combinations of these interactions match the diverse mole-
cular constituents of virions or bacterial cell envelopes,
mimicking “lock and key” type selectivity. The mixed ligand
shell on the nanoparticles allows for a customizable and
precise arrangement of functional groups that can simul-
taneously engage multiple binding sites on the target
surface."® Adjusting the ratios and types of ligands on the
nanoparticles makes it possible to fine-tune the binding
affinity and target either phages or bacteria. This approach
leverages the unique molecular surface mosaics present on
the target to achieve the desired specificity, independent of
site-specific domains or labels."® Grzybowski et al.'> demon-
strated a Gram-selective antibacterial action using mixed
ligand gold nanoparticles. Their experiments showcased how
varying proportions of positively and negatively charged
ligands ((11-mercaptoundecyl)-N,N,N-trimethylammonium
bromide, TMA, and mercaptoundecanoic acid, MUA, respect-
ively) functionalized on gold nanoparticles led to the disrup-
tion of bacterial cell walls. This approach highlighted the
potential of mixed charge nanoparticles in targeting specific
types of bacteria, paving the way for selective antimicrobial
strategies."> Furthermore, the Stellacci group investigated the
influence of ligand density and particle size on antiviral
efficacy,’® demonstrating that the inhibitory concentration
(IC50) depended on ligand concentration of silica nano-
particles modified with negatively charged 11-mercapto
1-undecanesulfonic acid (MUS).

Our recent study on mixed-ligand gold nanoparticles identi-
fied hydrophobicity as a key factor in promoting effective
phage deactivation through surface interactions.'* Gold nano-
particles coated with MUS were unable to inactivate phages,
but upon the addition of hydrophobic 1-octanethiol (OT)
ligands, phages were irreversibly distorted."

This study presents a targeted approach to phage inacti-
vation based on tailored interactions between nanoparticles
and surface ligand mosaics on phages. The strategy involves
leveraging - custom engineered electrostatic and hydrophobic
interactions for selective phage inactivation, offering key
advantages over existing methods, such as good bacterial cell
viability, eliminating the need for extreme physical and/or
toxic reagent treatments, and significant customizability for
different phage species. Gold nanoparticles were synthesized
and functionalized with three types of ligands - (TMA, positive
charge), mercaptoundecanoic acid (MUA, negative charge),
and dodecane-1-thiol (DDT, hydrophobic) - to generate nano-
particles with varied surface characteristics. Nanoparticles
were analyzed using nuclear magnetic resonance (NMR), scan-
ning transmission electron microscopy (STEM), dynamic light
scanning (DLS), and zeta potential measurements. The biologi-
cal behavior of the nanoparticles against bacteriophages T4,
MS2, M13, QB, P22, LR1_PAO1, and vs_SauS_CS1 and their
bacterial hosts E. coli BL21, E. coli C3000, Pseudomonas aerugi-
nosa PAO1, and Staphylococcus aureus DSM10252 was evaluated
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at different time points and concentrations. Cytotoxicity tests
were evaluated using 3T3 NIH fibroblast cells through
AlamarBlue assay.

Bacteriophages can serve as models for pathogenic viruses
that infect complex organisms, including humans (e.g., Phi6,"”
phiX174,"® and MS2 '°). The approach presented here could
represent a significant step in preventing disease transmission
by inactivating virions before they cause infections. Unlike
most current treatments that target host cells to block viral
replication,?® MLNPs offer a more direct strategy by acting on
the themselves, offering a high degree of
biocompatibility.

viruses

Materials and methods
Synthesis of nanoparticles

Chemicals. Didodecyldimethylammonium bromide (DDAB)
(>98%) was purchased from TCI, Japan. Tetrabutylammonium
borohydride (98%), gold(u) chloride trihydrate (>99%),
dodecyl amine (DDA) (98%), tetramethylammonium hydroxide
(25% in water), mercaptoundecanoic acid (MUA) and dodeca-
nethiol (DDT) were purchased from Sigma-Aldrich and used as
received. Hydrazine hydrate (50%) was purchased from Sigma-
Aldrich and distilled over KOH under an argon atmosphere to
prepare anhydrous hydrazine, which was later stored under
argon in the refrigerator. Toluene, chloroform, and methanol
were purchased from Linegal Chemicals, Poland, and used
without further purification. (11-Mercaptoundecyl)-N,N,N-tri-
methylammonium bromide (TMA) was synthesized according
to a published procedure.>!

Methods. DDA-capped Au nanoparticles in toluene were syn-
thesized using a method previously reported by Jana and
Peng,>* using HAuCl,-3H,0 instead of AuCl;. The mixed
ligand nanoparticles (MLNPs) were functionalized with
TMA :MUA:DDT ratios of 0:100:0, 35:65:0, 43:57:0,
56:44:0, 75:25:0, 86:14:0, 60:22:18 and 0:100:0. To
prepare the MLNPs, 45 mL 7.5 mM solution of DDA capped Au
nanoparticles was quenched in methanol (120 mL) and the
precipitate washed 3 times with methanol (40 mL) to remove
any unreacted Au salt and excess DDT. The dried precipitate
was re-dispersed in 45 mL toluene (or chloroform in the case
of 43:57:0, 56:44:0, and 75:25:0) and divided into 5 mL
aliquots. Functionalization was carried out by adding 2.5 mL
of premixed chloroform solutions of the ligands to the toluene
or chloroform solution of the nanoparticles. The solutions
were left to mix overnight in an Orbi-Shaker at 400 rpm and
then purified by washing with chloroform and acetone. The
purified samples were allowed to dry and then re-dispersed in
water to prepare 1 mg mL™"' solutions of MLNPs. Total thiol
ligands were maintained at a constant level across all experi-
ments by adding a 1:1 ligand : Au molar ratio. The carboxylic
acid group of the MUA ligand was deprotonated by adding
tetramethylammonium hydroxide before characterization and
further use.

This journal is © The Royal Society of Chemistry 2025
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Characterization

Dynamic light scattering. The hydrodynamic size of the
MLNPs was determined using the dynamic light scattering
technique (DLS) with a Malvern ZetaSizer Nano-ZS instrument
equipped with a DLS module (He-Ne lase 633 nm, max
4 mW). The MLNPs were diluted to 0.2 mg mL™" in water con-
taining tetramethylammonium hydroxide for deprotonating
MUA ligands.

Zeta potential. The electrophoretic mobility of NPs was
measured with Malvern ZetaSizer Nano-ZS, using Malvern dis-
posable folded capillary cells. Before characterization, the
MLNPs were diluted to 0.2 mg mL™" in water containing 25 pL
of 2% tetramethylammonium hydroxide for deprotonating
MUA ligands.

UV-Vis. UV-Vis absorption spectra were recorded with a
Thermo Scientific Evolution 220 spectrometer using 10 mm
quartz cuvettes over the 400-750 nm range.

Scanning transmission electron microscopy (STEM) analysis.
Measurements were carried out with FEI Nova NanoSEM 450
equipped with STEM II detector using 30 kV accelerating
voltage in bright field mode (for size distribution curve) and
high angle annular dark field mode (HAADF) for visualization
of bacteriophage-nanoparticles interactions. The samples were
diluted to 0.1 mg mL™", and 10 pL was drop-casted on lacy-
carbon copper grids. The grids were allowed to dry sufficiently
before TEM analysis.

Nuclear magnetic resonance (NMR). Proton NMR spectra
were recorded with a Bruker (400 MHz) spectrometer. MLNPs
were dried by rota-evaporation, re-dissolved in a methanol
solution of iodine, and allowed to stand for 30 minutes to
ensure the ligands were etched out of the Au surface.
Afterward, the mixture was dried by rota-evaporation at 65 °C
and left under vacuum overnight to ensure complete solvent
removal. The dried samples were then dissolved in dry deute-
rated DMSO under Ar and immediately analyzed by NMR. An
excess amount of iodide was added in some of the samples to
downshift the residual water signal from 3.33 ppm, which
overlapped with the TMA signal at 3.24 ppm.

Biological assessments

Chemicals. LB medium and LB-agar - 10 g L™ of NaCl, 10 g
L7 of tryptone, and 5 g " of yeast extract. For LB-agar, 15 g
L' of agar was added to the LB medium. The media were
ordered from Carl Roth (Germany). TM buffer (pH 7.4) was
prepared by mixing 10 mM Tris base, 5 uM CaCl,, 10 mM
MgSO,, and deionized water (MiliQ water purification system).

Consumables. 50 mL sterile falcon tubes (NeoCulture centri-
fuge tubes, made of PP, 50 mL, self-standing, sterile) and
phage-safe 1.5 mL Eppendorf-type tubes (B-1429 and B-2278)*?
were purchased from Bionovo (Poland). Specific consumables
that prevent virion adsorption on their inner surface were
chosen.*

Bacteriophages. T4 (Tevenviridae), MS2 (Leviviridae), and
M13 (Inoviridae) phages purchased from Phage
Consultants (Poland). (Fiersiviridae), P22

were
QBeta
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(Lederbergvirus), and vB_SauS_CS1 (Siphovirus) phages and
their specific hosts were purchased from DSMZ (Germany).
LR1_PAO1 was isolated from the environment. It is a tailed
phage isolated from the Baltic seawater ( probably Pbunavirus).
MS2 and QBeta, both icosahedral tailless bacteriophages, were
selected due to their similarity with eukaryote-infecting
viruses.>>?*® P22, known for its remarkable resilience,>” and
M13, a filamentous bacteriophage frequently utilized in nano-
technology applications,®® were also included in the study. For
Gram-positive bacteria phages, we chose vB_SauS_CS1, with
Staphylococcus aureus as its host, to represent this category.
Additionally, LR1_PAO1, a tailed phage isolated from the
environment with Pseudomonas aeruginosa as its host, was
included.

Bacteria. The E. coli strain BL21 (obtained from the Institute
of Biochemistry and Biophysics in Warsaw, Poland) was used
as the host for the T4 phage. For MS2, M13 phages, and
QBeta, the E. coli C3000 strain (obtained from the Institute of
Biochemistry and Biophysics in Warsaw, Poland) was used. For
LR1_PAO01, we used Pseudomonas aeruginosa PAO1 strain (IChF
PAN collection), while for P22 - Salmonella enterica DSM18522
(DSMZ, Germany), and for vB_SauS_CS1 - Staphylococcus
aureus DSM10252 (DSMZ, Germany).

A single colony of the required strain was picked up from
the stock plate and transferred to 10 mL of LB medium to
prepare the bacterial cultures. This sample was then incubated
overnight at 37 °C in the shaker (Orbital Shaker-Incubator
ES-20, 200 rpm). The sample was refreshed by mixing 2.5 mL
of the overnight culture with 7.5 mL of LB medium and incu-
bating at 37 °C for approximately 1 h.

Double overlay titration for phage analysis. LB-agar medium
(20 mL) was poured into Petri plates and left to solidify. 4 mL
of top LB agar (prepared with liquid medium and 0.5% agar
instead of 1.5% agar) was then mixed with 200 pL of the
refreshed bacterial culture (of appropriate strain) and poured
onto the plate. Dilutions of the phage solutions were prepared,
and from each dilution, eight droplets of 5 pL solution were
spotted onto the top agar layer. After incubation of the plates
at 37 °C for 24 h, the number of plaques was counted. All titra-
tions were performed in triplicate. Statisical significance was
evaluated using a Student’s ¢-test was performed. *P < 0.05; **P
<0.01; ***P < 0.001.

Dosage compensation. Previous research reported that gold
nanoparticles with only positively charged ligands possessed
maximum antimicrobial efficacy. Therefore, we chose 100%
TMA gold nanoparticles (100:0: 0) to set the standard for the
optimal concentration of nanoparticles that would be applied
for all future experiments.

Duration of exposure. T4 bacteriophages were tested against
nanoparticles functionalized with 100% TMA at a concen-
tration of 0.1 mg mL™". Survival percentage was monitored
hourly, up to 12 hours, to determine time-of-action of the TMA
nanoparticles on bacteriophages.

Biocompatibility assay. The biocompatibility of modified
gold nanoparticles was assessed using the Alamar Blue assay
using 3T3 NIH fibroblast cells (Merck). All reagents were

Nanoscale, 2025, 17,12929-12936 | 12931
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obtained from commercial suppliers: Alamar Blue reagent
(Thermo Fisher Scientific), Triton X-100 (Sigma-Aldrich), and
Trypan Blue (Thermo Fisher Scientific). 3T3 NIH fibroblast
cells were cultured in Dulbecco’s Modified Eagle’s medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) and
1% penicillin-streptomycin, in a humidified atmosphere at
37 °C and 5% CO,. Cells were subcultured upon reaching
70-80% confluency and harvested for experiments during the
log phase of growth. Cells were harvested and counted using
Trypan Blue exclusion to ensure viable cell counts. Cells were
diluted to a concentration of 7.5 x 104 cells per mL, and
200 pL of cell suspension (equivalent to 1.5 x 104 cells) was
seeded into each well of a 96-well tissue culture-treated plate.
The cells were incubated overnight at 37 °C with 5% CO, to
allow for surface attachment.

Cells were treated with the nanoparticles at a 0.1 mg mL™"
concentration the following day. The cells were incubated with
the nanoparticles for 24 and 48 hours at 37 °C in a humidified
atmosphere with 5% CO,. After each incubation period, the
medium was aspirated and replaced with fresh medium con-
taining 10% (v/v) Alamar Blue solution. The cells were incu-
bated with the Alamar Blue mixture for 4 hours at 37 °C with
5% CO,. After incubation, 150 pL of the medium from each
well was transferred to a new 96-well plate, and fluorescence
was measured using a plate reader with excitation at
530-570 nm and emission at 580-620 nm. The blank value
(from wells without cells) was subtracted from each reading to
ensure accuracy. Cell viability was calculated based on meta-
bolic activity, which was directly proportional to the Alamar
Blue fluorescence intensity.

Results and discussion
Characterization of MLNPs

The STEM image of gold nanoparticles before the ligand
exchange reaction showed spherical nanoparticles with an
average diameter of 11.6 + 2.9 nm and a monodisperse size
distribution (Fig. 1). This well-defined structure indicated suc-
cessful synthesis, with the average size aligning with previous
reports on gold nanoparticles used in antimicrobial studies.*?
The narrow size distribution suggested high reproducibility,

7 11.6 £2.9 nm

4 8 12 16 20
Diameter [nm]

400 nm

Fig.1 STEM image and size distribution of gold nanoparticles before
ligand exchange reaction. (a) Representative STEM image showing
spherical gold nanoparticles with an average diameter of 11.6 + 2.9 nm.
(b) Size distribution based on STEM measurements.

12932 | Nanoscale, 2025,17,12929-12936

View Article Online

Nanoscale

essential for uniform behavior during ligand exchange and
functionalization.>® This size range was optimal for entering
biological systems without triggering excessive immune
responses,®® and the spherical shape facilitated consistent
interaction with bacterial surfaces and phages, which was
crucial for selective bacteriophage inactivation."?

The proton NMR spectra of the modified nanoparticles
(Fig. 2) revealed distinct signals corresponding to the different
ligands attached to the gold nanoparticle surface. The peaks
associated with MUA and TMA confirmed the successful
functionalization of the nanoparticles. The spectrum of pure
MUA in DMSO revealed overlapping of signals arising from
CH,COOH and SH groups, complicating the integration
(Fig. 2(a)). However, when AuNPs were treated with iodine, the
ligands detached from the gold surface, and sulfur atoms oxi-
dized to form a disulfide bond.*"** As a result, the SH signal
disappeared, and the methylene group signal next to the
sulfur atom (-CH,S-) shifted to 2.68 ppm.** In some spectra, a
triplet at 2.17 ppm, attributed to the methylene group next to
the deprotonated carboxyl group, was also observed. The inte-
grals of these signals were combined to quantify the MUA
ligands.** Signals at 3.24 ppm, corresponding to the CH,
protons adjacent to the N(CH;)" group in TMA (Fig. 2(b)), were
often difficult to integrate due to the overlapping water peak at
3.33 ppm.** Therefore, the N(CH;)" singlet at 3.02 ppm was
used for quantifying the TMA ligand, with the integral ratio of
9:2 correlating with the 3.24 ppm signal, whenever possible
(Fig. 2(b) and S11).*® The chemical shifts of relevant groups
are provided in ESI in Table S1.f The NMR spectra for all the
intermediary ratios can be found in ESI, Fig. S1.1 The ability to
control ligand ratios was crucial for fine-tuning nanoparticle
surface properties, affecting their interaction with biological
targets, and enabling selective bacteriophage inactivation
while preserving bacterial viability."®

The hydrodynamic diameters of the MLNPs were deter-
mined using the DLS technique and are presented in Fig. 3(a).

N4 HS A~~~ CHy

N(CH,),

-CH,N(CHy);
CH,-CH,
CH,-CH;

CH,S5-

£ CcH

~CH,sH
CH,CH;
CHSSCHy-

o

p——
25 20 15 10 ppm 30 25 2.0 15

35 30 25 20 15 10 ppm 35 3.0 1.0 ppm

mix of ligands (75:25) mix of ligands (35:65)

mix of ligands (60:22:18)

HO
“CHN(CHy)}

CH,S-S-CH,-

35 30 25 20 20 15

15 10 ppm 35 30 25 10 ppm 35 30 25 20 15 1.0 ppm

Fig. 2 NMR spectra of ligands before and after removal of gold nano-
particles via iodine (I). (a) NMR spectrum of pure MUA, (b) NMR spec-
trum of pure TMA, (c) NMR spectrum of dodecanethiol (DDT) oxidized
with iodine, (d) NMR spectrum of a reaction mixture after I, oxidation
with a 75: 25 ratio of TMA : MUA, (e) NMR spectrum of a ligand mixture
with a 35:65 ratio of TMA: MUA, and (f) NMR spectrum of a ligand
mixture with a 60 : 22 : 18 ratio of TMA : MUA : DDT.

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Dynamic light scattering size data and (b) zeta potential of
the mixed ligand nanoparticles (MLNPs) where the core is gold nano-
particles and the ligands are positively charged (TMA), negatively
charged (MUA), and hydrophobic (DDT) in nature. (c) UV-Vis analysis
(0:100:00 and 35:65:0 and 100:0:0 and 86:14: 0 is overlapping).

DLS analysis showed that mixed-ligand nanoparticles (MLNPs)
with a near-equal ratio of positive (TMA) and negative (MUA)
ligands (56 : 44 : 0) formed large aggregates (~450 nm), indicating
reduced stability due to decreased electrostatic repulsion.®® In
contrast, nanoparticles with purely positive (100: 0 : 0) or negative
(0:100:0) ligands exhibited smaller, more stable hydrodynamic
diameters. This was further supported by zeta potential measure-
ments (Fig. 3(b)), where TMA-functionalized particles had a posi-
tive charge (+29 mV), MUA-functionalized particles had a negative
charge (—35 mV), and mixed-ligand particles had reduced zeta
potentials, approaching neutrality, leading to aggregation.”® Zeta
potential from around —10 mV to +10 mV is usually associated
with unstable colloidal suspension, where electrostatic repulsion
is insufficient to prevent aggregation.®”

UV-Vis absorption spectra (Fig. 3(c)) showed that purely
positive MLNPs had a peak at 522 nm, while negative MLNPs
exhibited a slight shift to 525 nm. The intermediate ligand
ratio (56 :44:0) displayed a red-shifted peak around 560 nm,
further indicating particle aggregation.>****° Some aggrega-
tion also occurred in (43:57:0) and (75:25:0) samples,
where a long-wavelength tail was observed. The extent of this
was relatively small, as aggregates were not visible in DLS.
These results underscore the importance of controlling ligand
ratios to maintain nanoparticle stability, which is critical for
applications such as selective bacteriophage inactivation.*”

Antiphage and antibacterial efficacy

Concentrations of MLNPs ranging from 10~” up to 1 mg mL™"
were tested, and double overlay titration was carried out to
attain the extent of phage inactivation of T4 bacteriophages.
The dosage compensation experiment established that a
0.1 mg mL™" concentration of MLNPs was sufficient to de-
activate over 90% of T4 bacteriophages after 3 hours at 25 °C
(Fig. S2, ESI¥). These values show a strong positive correlation
with our previous research.™

Observing the phage-nanoparticle mixture over time
demonstrated  that  TMA-functionalized  nanoparticles
(100:0:0) inactivated over 99% of T4 bacteriophages within
5 hours at a concentration of 0.1 mg mL™" while maintaining
approximately 80% E. coli viability (Fig. 4(b)).

The nanoparticles were tested against T4 and E. coli as
model organisms for bacteriophages and bacteria. The virions
and bacterial cells were individually exposed to each set of

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) Schematic representation of mixed ligand nanoparticles func-

tionalized with TMA and MUA. (b) Fluctuations in survival percentage of
T4 bacteriophages over time following exposure to all-TMA nano-
particles (100:0:0). The starting T4 concentration was 10’ PFU mL™*
and nanoparticle concentration was 107 mg mL~. The experiment was
carried out for 12 hours at 25 °C, 220 rpm, with readings taken every
hour. (c) Survival percentage trends of T4 and E. coli treated with
MLNPs. The shaded area between the plots shows the difference in sur-
vival percentages. The starting concentration of T4 was 10”7 PFU mL™?,
while that of E. coli was 10° CFU mL™. The experiment was conducted
for 5 hours at 25 °C, 220 rpm. The concentration of nanoparticles was
107 mg mL™. (d) Schematic representation of mixed ligand nano-
particles functionalized with TMA, MUA, and DDT. (e) Effect of nano-
particles containing positive, negative, and hydrophobic ligands on the
survivability of E. coli and T4. The starting concentration of E. coli was
10> CFU mL™%, while that of T4 was 10”7 PFU mL™. The experiment was
conducted for 5 hours at 25 °C, 220 rpm. The concentration of nano-
particles was 107 mg mL™. (f) STEM visualization of T4 bacteriophages
in the presence of hydrophobic mixed ligand nanoparticles after 5 hours
of incubation at 25 °C, 220 rpm [Scale set to 400 nm].

nanoparticles, and any changes in their respective concen-
trations were recorded. It was observed that nanoparticles with
a higher amount of positive ligands (TMA) inactivated both
phages and bacteria. In contrast, nanoparticles with a higher
ratio of negative ligands had little to no effect on either phage
titer or bacterial cell concentration. The shaded area between
the plots in Fig. 4(c) shows the difference in survival percen-
tages of E. coli and T4 bacteriophages, where MLNPs were
more efficient against virions than bacterial cells, i.e., ligand
ratios allowing for selectivity.

The nanoparticles were further modified by adding a hydro-
phobic ligand (dodecanethiol, DDT), as shown in Fig. 4(d), to
obtain  nanoparticles with a 60:22:18 ratio of
TMA : MUA : DDT. Previous research showed that introducing
hydrophobic ligands to all-negative NPs increased the efficacy
of phage inactivation.”> However, those nanoparticles
(0:85:15) were only efficient inactivators at 50 °C and with
prolonged exposure times. Here, we aimed to achieve phage
eradication at 25 °C and at a shorter time scale, and thus, a
mixture of three different ligands (TMA:MUA:DDT) was
tested. Such hy-MLNPs were tested against both E. coli and T4
bacteriophages to assess their impact on bacterial cell viability
and phage titer. After 5 hours, approximately 87% of T4
phages were inactivated, while 90% of all bacterial cells sur-
vived (Fig. 4(e)). These findings highlight the potential of the
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tested nanoparticles as effective agents against bacteriophages
while simultaneously preserving bacterial cell viability.

STEM images obtained subsequent to a 5-hour incubation
period of T4 bacteriophages with hy-MLNPs demonstrated an
apparent interaction between nanoparticles and the capsids of
T4 phages (Fig. 4(f)). Other research has shown the interaction
between phage capsids and gold nanoparticles by forming an
amide bond between the terminal carboxylic groups on
ligands and amine groups on phage capsids.**

In this work, it was observed that nanoparticles encircled
the T4 phage capsids, likely causing them to cluster in chain-
like formations. Such interactions were previously observed
when we performed TEM analysis of modified gold nano-
particles (with hydrophobic ligands) with T4 phages.*?

Based on the experiments in this study, we propose two
possible mechanisms of action for MLNP inactivation of
bacteriophages.

The first proposed mechanism of action for MLNPs involves
the disruption of electrostatic interactions at the target
surface. Upon approaching the surface, the high surface
charge of the MLNPs alters the local charge environment,
reducing ionic strength and shortening the Debye length,
which controls the range of electrostatic forces.>® This disrup-
tion weakens the interactions that maintain the structural
integrity of virions, which is in agreement with the findings of
Wennerstrom et al., who emphasized the critical role of
electrostatic interactions in colloidal stability.*

The second mechanism relates to osmotic pressure changes
induced by the high charge density of the MLNPs and their
counter ions. This creates a localized osmotic imbalance,*
leading to water influx near the virions. Virions are particularly
susceptible to such osmotic fluctuations due to the high internal
pressure within their capsid, resulting from the tightly packed
genetic material.** The increased osmotic stress may compromise
capsid integrity, further inhibiting the virion’s functionality.*

Hydrophobic mixed ligand nanoparticles against other model
phages

After demonstrating high effectiveness versus T4 bacterio-
phages, the hy-MLNP with a 60:22:18 ratio of
TMA:MUA :DDT was tested against several model bacterio-
phages, including MS2, M13, Qf, LR1_PA01, and vB_SauS_CS1
(Fig. 5). The nanoparticles achieved complete inactivation
(100%, 7 log reduction) of all phages within 9 hours. A com-
parison between the phages and their corresponding bacterial
strains is shown in Fig. 5. M13 exhibited the most rapid inacti-
vation, with approximately 91% inactivation within just
3 hours (Fig. 5). Following closely were LR1_PAO1 and MS2,
demonstrating around 95% inactivation after 5 hours of
exposure to the nanoparticles. vB_SauS_CS1 was fully inacti-
vated after 8 hours, although it required longer incubation
than the aforementioned phages. These results demonstrate
the broad-spectrum efficacy of the mixed-ligand nanoparticles
in inactivating a wide range of bacteriophages, suggesting that
the combination of TMA, MUA, and DDT ligands is effective
against various phage structures. It must be emphasized that
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Fig. 5 Impact of nanoparticles on the survivability of diverse model

phages (MS2, M13, Q Beta, LR1_PAO1, and vB_SauS_CS1) and bacterial
host species, quantifying their inactivation over 12 hours. Initial phage
titer: 10’ PFU mL™%, initial bacterial concentration: 10° CFU mL™.
Experiments were conducted at 25 °C, 220 rpm, with nanoparticle con-
centration at 0.1 mg mL™%.

previously reported (0: 85: 15) particles were not active against
MS2 even at elevated temperatures.'> This underlines the
importance of multivalent interactions and proper design of
the nano-objects to tailor their properties specifically to a par-
ticular application.

Interestingly, the nanoparticles were able to combine
strong antiviral action with high selectivity for phages. Even at
the exposure time required for maximum phage inactivation (7
log), bacterial cell viability was maintained between 70-80%.
The viability tests held true for all host bacteria species tested
(E. coli BL21, E. coli C3000, Pseudomonas aeruginosa PAO1,
Salmonella enterica DSM18522, and Staphylococcus aureus
DSM10252). This selective targeting of phages makes the nano-
particles highly suitable for applications in industries where
bacteriophage contamination must be controlled without com-
promising the productivity of beneficial bacterial cultures."

Previous research has demonstrated that fine-tuning
surface chemistry can effectively differentiate Gram-negative
from Gram-positive bacteria.’”> Our study extended this
concept by successfully distinguishing bacteriophages from
bacterial cells based on their surface characteristics.

Biocompatibility assay

To evaluate the biocompatibility of our nanoparticles on mam-
malian cells, an Alamar Blue assay was conducted using the
3T3 NIH fibroblast cell line. Three types of nanoparticles were
tested: gold nanoparticles before ligand exchange reaction
(AuNPs), mixed ligand nanoparticles (56:44:0 ratio of TMA
and MUA), and mixed ligand nanoparticles incorporating a
hydrophobic ligand (60 : 22 : 18 ratio of TMA : MUA : DDT). The
chosen concentration was 0.1 mg mL ™", based on its effective
performance in phage inactivation assays (Fig. S21).

3T3 NIH cells were treated with different nanoparticle for-
mulations, including AuNPs, MLNPs (56:44:0), and MLNPs
(60:22:18), for 24 and 48 hours. Cell viability was assessed
using the Alamar Blue assay, which measured the conversion
of resazurin to its fluorescent product, resorufin. The quanti-
tative results in Fig. 6(f) demonstrate that cell viability
exceeded 90% for all nanoparticle types at both time points.
This indicated minimal cytotoxicity at the tested concen-

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Optical microscopic images of 3T3 NIH fibroblast cells after
24 hours of incubation with different nanoparticle treatments: (a)
untreated control cells, (b) cells treated with gold nanoparticles (AuNPs,
0.1 mg mL™), (c) cells treated with mixed ligand nanoparticles (MLNPs,
56:44 TMA : MUA, 0.1 mg mL™), (d) viability of cells treated with AuNPs,
MLNPs (56 : 44), and MLNPs (60 : 22 : 18) after 24 and 48 hours of incu-
bation. (e) Cells treated with MLNPs (60 :22:18 TMA: MUA: DDT, 0.1 mg
mL™Y) and (f) cells treated with 1% Triton X.

trations, with particularly high viability observed for MLNPs
(56:44:0).

Observations of cell morphology further confirmed nano-
particle biocompatibility. Untreated control cells (Fig. 6(a))
maintained their characteristic elongated, spindle-like mor-
phology, typical of healthy 3T3 fibroblasts. Similarly, cells
exposed to gold nanoparticles before ligand exchange reaction
(AuNPs; Fig. 6(b)) and MLNPs with positive and negative
ligands (56 : 44, TMA : MUA; Fig. 6(c)) displayed no significant
morphological changes compared to controls. Cells treated
with MLNPs incorporating hydrophobic ligands, hy-MLNP
(60:22:18, TMA:MUA:DDT; Fig. 6(d)), exhibited slightly
higher nanoparticle interaction but retained their fibroblast
morphology. In contrast, cells treated with Triton X-100 (1%;
Fig. 6(e)), ie., negative control, showed spherical, shrunken
morphologies indicative of cell death, confirming the assay’s
sensitivity in detecting cytotoxic effects.

These results suggest that both MLNPs and hy-MLNPs
retain high biocompatibility with 3T3 NIH cells, with cell viabi-
lity consistently above 90%. This high selectivity index, demon-
strated by effective phage inactivation alongside minimal cyto-
toxicity, highlights the potential of these nanoparticles for
applications in medical and antimicrobial settings, where
selective phage inactivation is required without adverse effects
on mammalian cells. These findings align with prior research,
indicating that ligand-functionalized nanoparticles, particu-
larly those with carboxyl or hydrophobic functionalities,
enhance biocompatibility and selectively target microbial con-
taminants without harming mammalian cells.*

Conclusions

This study demonstrates the potential of two-component
mixed-charged nanoparticles and three-component (with the

This journal is © The Royal Society of Chemistry 2025
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addition of hydrophobic ligands, hy-MLNPs) nanoparticles for
targeted bacteriophage inactivation in bacteria-based indus-
tries. Phage contamination remains a critical challenge across
pharmaceuticals, biotechnology, and agriculture sectors, often
resulting in severe economic and operational losses. By tuning
nanoparticle functionalization with positive, negative, and
hydrophobic ligands, this work demonstrates a robust and
selective approach to phage inactivation while preserving bac-
terial viability.

Our results underscore the significance of precise ligand
ratio tuning, with the hy-MLNPs (60:22:18 ratio of
TMA : MUA : DDT) achieving complete phage inactivation (7
log reduction) within 9 hours at 25 °C against a plethora of
phages (T4, MS2, M13, QB, LR1_PA01, and vB_SauS_CS1). This
represents a notable advancement compared to traditional
methods, which often require elevated temperatures or longer
treatment duration. Moreover, introducing hydrophobic
ligands enhances phage inactivation efficiency without com-
promising bacterial viability. Additionally, post-treatment bac-
terial survival rates were high, with a survival rate of 70% to
80% after around 9 hours of incubation. This is crucial for bio-
technological applications, where bacteria are used to produce
active compounds, e.g., drugs.

The proposed combination of electrostatic and hydrophobic
interactions ensures specificity in targeting bacteriophages while
maintaining minimal cytotoxicity, as confirmed by mammalian
cell studies. The cytotoxicity assay on 3T3 NIH fibroblasts demon-
strated over 90% cell viability for all tested nanoparticle formu-
lations, emphasizing their high biocompatibility and potential
suitability for medical and antimicrobial applications.

Future research should focus on optimizing MLNP formu-
lations to ensure scalability, cost-effectiveness, and safety for
industrial applications. Integrating these nanoparticles into exist-
ing bioprocessing workflows could provide a sustainable solution
to mitigate phage contamination, safeguarding product quality
and enhancing the efficiency of bacteria-based industries.
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