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Amphiphilic silver nanoclusters show active
nano-bio interaction with compelling antibacterial
activity against multidrug-resistant bacteria
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Abstract

Multidrug resistance represents a growing threat to human beings, and alternative antimicrobial regimens to
conventional antibiotic paradigms are being extensively searched to fight against multidrug-resistant bacteria (MDRB).
Although the antimicrobial potency of silver nanomaterials (AgNMs) has been previously elaborated, their efficacy
against MDRB still remains to be strengthened. Here, our data revealed that small-sized silver nanoclusters (AgNCs) are

MDR P. aeruginosa.

superior to conventional silver nanoparticles (AgNPs) as robust antimicrobials against multidrug-resistant (MDR)
Pseudomonas aeruginosa (P. aeruginosa). The core structure and surface ligands of AgNCs are crucial for the
outstanding antibacterial activity of AGQNCs. On the one hand, due to the presence of amphiphilic ligands, AgNCs are
relatively prone to associate with the cell membrane and partake in endocytosis with targeted bacterial cells.
Molecular dynamics simulations also corroborated this finding. On the other hand, the nanocluster structure of AgNCs
led to strong peroxidase-like activity associated with massive production of reactive oxygen species (ROS), which
contributes to their overall bactericidal potency. These outstanding features of AgNCs result in elevated bacterial
killing efficacy by impairing the cell wall/membrane, promoting oxidative stress and attenuating pivotal cellular
processes, e.g.,, ATP synthesis. Notably, AQNCs manifested great efficacy in treating P. aeruginosa-generated
pneumonia in mice and increased the survival of infected animals, as well as exhibited excellent biocompatibility.
Taken together, the results of this study pinpoint the great promise of AGQNCs as new alternative therapeutics against

Introduction

Multidrug-resistant bacteria (MDRB) are more perni-
cious than their precursory, drug-susceptible strains, as
they can survive attack from most drugs relative to. Thus,
it is clinically difficult to eradicate MDRB due to their
resistance to a wide spectrum of antibiotics. According to
the World Health Organization (WHO), the number of
MDRB has been increasing quickly in recent vyears,
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incurring serious public health problems and bringing
about substantial economic burden'™. In this context,
new drugs and innovative strategies are urgently needed
to combat MDRB. Thus far, numerous new therapeutics
have been explored to resist MDRB, e.g., nanomaterials.
In fact, a wide range of nanomaterials, including metallic
(e.g., silver* and gold® nanoparticles), nonmetallic (e.g.,
selenium nanoparticles®”), metal oxide (e.g, titanium
dioxide® and iron oxideg), and carbonaceous nanomater-
ials (e.g., graphene'®) have been demonstrated to possess
multidrug-resistant (MDR) bactericidal effects. The fol-
lowing general mechanisms have been proposed for the
ability of nanomaterials to overcome antimicrobial resis-
tance. (i) Membrane damage: nanomaterials tend to
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rupture the cell structure and damage the cell mem-
brane'’; (i) reactive oxygen species (ROS) production:
many nanomaterials induce the production of ROS'?,
which damage DNA and cause metabolic disorders"; (iii)
enzyme-mimicking performance: the peroxidase-like
activity of nanomaterials such as palladium nanocrystals
and iron oxide enhances their bactericidal properties'®;
(iv) ion dissolution: released ions, such as silver ions,
directly attack biomolecules, e.g., thiol-rich proteins; and
(v) eradication of the biofilm: since biofilm formation is an
important reason for drug resistance development, some
nanomaterials, such as metal oxide nanoparticles, could
eradicate biofilms due to their strong redox reaction
capabilities that perturb cell metabolism'®>. Among all
types of nanomaterials, silver (Ag) nanomaterials repre-
sent a family of the most effective antimicrobial nano-
medicines with exceptionally wide applications'®™*°. To
date, the most prevalent form of Ag nanomaterials
(AgNMs) is Ag nanoparticles (AgNPs)**°. Although a
wealth of past studies have evaluated the potency of
AgNPs against MDRB, their antimicrobial efficacy
remains to be strengthened, and drug resistance towards
AgNPs could likely form after repeated treatments®*'~2°,
Thus, it is of great importance to augment Ag’s anti-
microbial potency through various physicochemical
improvements that would enable more active nano—bio
interactions and elicit greater stress on pathogens. In this
context, continuous efforts are being invested to look for
more potent AgNMs.

Strikingly, metal nanoclusters are becoming more
attractive because they exactly fill in the gap between
small molecules (<1 nm) and conventional nanoparticles
(>3nm)*" 7%, Recently, AgNCs have attracted extensive e
attention for various applications, such as in biomedi-
cine®'. In addition to the essential difference in size
between AgNCs and AgNPs, the core is differently formed
because AgNCs are formed with the precise control of
their composition at the atomic level, which could not be
achieved in conventional AgNPs***?, To this end, AgNCs
bear physicochemical properties superior to those of
conventional AgNPs, including substantial surface reac-
tivities towards exchange reactions, enabling versatile
solubility in different media®*. Therefore, advanced
nanocluster chemistry would empower diverse manip-
ulations of the type and composition of surface ligands on
AgNCs, giving rise to distinct AgNCs with precise size,
composition and surface properties>>*>>°, In addition,
diverse surface ligands on AgNCs warrant their desirable
stability in various solutions and in biological set-
tings>**"®, Additionally, owing to their atomically pre-
cise molecular structure, AgNCs offer an ideal platform to
understand the interaction between Ag and biological
molecules®#3*3%, In this respect, these outstanding char-
acteristics, including amphiphilic modalities and active
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nano-bio interactions, might also be utilized to combat
pathogens. Nonetheless, the antimicrobial potency of
AgNCs has scarcely been determined to date.

Although the antimicrobial efficacy of AgNMs has been
found to correlate to many physicochemical properties,
e.g., size, core/shell material, and the nature of the surface
ligands (which dictate solubility, charge and stabi-
lity)***?, most previous studies examined individual
properties, and no conclusive understandings have been
obtained regarding the preferential combination of these
properties. However, no quantitative informatic tools are
currently available to offer appreciable predictive power
for the design of desirable module incorporation. To
explore the parameters that exclusively dictate the anti-
microbial efficacy of AgNMs, we sought to optimize the
contributions of size, surface hydrophilicity and hydro-
phobicity, and core fraction to determine the most sui-
table integration of multiple physicochemical properties.
We determined that small-sized amphiphilic silver clus-
ters, namely, AgNCs, are superior to conventional AgNPs,
showing active nano-bio interactions and outstanding
activity in combating MDR P. aeruginosa both in vitro
and in vivo.

Materials and methods
Chemicals and reagents

The chemicals and reagents used in the current study
include silver nitrate (Sinopharm, Shanghai, China), trie-
thylamine (Macklin, Shanghai, China), mercaptosuccinic
acid (Alfa Aesar, Shanghai, Beijing), 1-admantanethiol
(Sigma, St. Louis, USA), tetraphenylphosphonium bro-
mide (J&K Scientific, Beijing, China), N,N-dimethylforma-
mide (J&K Scientific, Beijing, China), sodium borohydride
(Sinopharm, Shanghai, China), dichloromethane (Sino-
pharm, Shanghai, China), absolute methanol (Sinopharm,
Shanghai, China), ammonia (Sinopharm, Shanghai, China),
ethanol absolute (Sinopharm, Shanghai, China), sodium
chloride (Sinopharm, Shanghai, China), triethylamine
(Macklin, Shanghai, China), tryptone (Oxoid, Basingstoke,
UK), yeast extract (Oxoid, Basingstoke, UK), agar power
(Solarbio, Beijing, China), dialysis membranes (Solarbio,
Beijing, China), DCFH-DA (Sigma, St. Louis, USA),
Hoechst 33342/PI (Solarbio, Beijing, China), D2000 DNA
marker (GenStar, Beijing, China), 2xTaq PCR StarMix with
loading dye (GenStar, Beijing, China), and Agarose G-10
(IOWEST, Chicago, USA).

Workflow for literature searching and data mining

As shown in Supplementary Fig. S1, we collected
research papers and extracted data according to the fol-
lowing steps:

a. Literature search. All articles were searched by the

keywords “silver nanoparticles”, “nanosilver”, or “nAg”
and “antibacterial”, “antimicrobial” or “bactericidal”



Chen et al. NPG Asia Materials (2020) 12:56

using the Web of Science (http://apps.webofknowledge.
com) and PubMed (www.ncbi.nlm.nih.gov). A total of
>1700 publications were retrieved.

b. Inclusion and exclusion criteria. Inclusion criteria: (1)
AgNMs were not doped; (2) the particle size was clearly
measured and <100nm; (3) the antibacterial effect
evaluation was through conventional determination,
such as minimum inhibitory concentration (MIC) value
and antibacterial efficiency determination; (4) AgNMs
was synthesized through chemical synthesis methods
with definite surface modification; and (5) the bacterial
strains and sources were clearly described. Exclusion
criteria: (1) the development of nonsingle homogeneous
systems, such as textiles, pharmaceutical devices, gels,
alloys, plastics, and clothing, and (2) the use of green
synthetic methods resulting in unclear surface
modifications. After combining the inclusion and
exclusion criteria, a total of 266 data sets from 36
research papers were collected.

c. Data extraction: detailed information, including size,
surface ligand, surface charge, gram feature, bacterial
strain, exposure time, drug resistance and MIC values,
was extracted from 36 research papers.

Calculation of the importance for various properties via
random forest regression

To quantify the importance of complex and difficult-to-
normalize attributes (e.g., surface ligands, strains, drug resis-
tance, etc.) affecting the MIC values, we employed an
advanced machine learning approach: the random forest
model (RE model)®**. Here, the language package “ran-
domForest” of “R” was used, and the number of repetitions
was set at 200. The strategy of increasing the mean squared
error (MSE) was carried out to directly measure the impact of
each factor on the prediction accuracy of the RF model. The
principle was the rearrangement of the order of these factors
versus the reduction of the model accuracy. This method
indicated that the accuracy of the model was not affected by
less important factors, such as the gram feature, whereas the
accuracy of the model was greatly affected by important
indicators, such as size and surface ligands (Fig. 1a).

The classification map (Fig. 1b) was generated with “R”,
where Gram-positive and Gram-negative features served
as the definition of two groups, the readout of bactericidal
efficacy was the MIC value, and the color denoted the
differential size range of AgNMs. Additionally, to recog-
nize the correlation between particle size and MIC valued,
a general linear regression model (Fig. 1b) was used to fit
the scatter points.

Synthesis of AgNCs and AgNPs (#1 and #2) and
characterization

AgNCs were synthesized in two steps, as previously
described®®. First, the core of the AgNCs was synthesized
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through a biphasic reaction. Second, the amphiphilic shell of
the AgNCs was subjected to ligand exchange with mercap-
tosuccinic acid (MSA) to obtain amphiphilic AgNCs. A
detailed description is provided as follows. Step 1: AgNO3
(60 mg) was dissolved in a mixed solvent of dichloromethane
and methanol in an ice bath. Thereafter, 1-adamantanethiol
(S-Adm) (15mg) and tetraphenylphosphonium bromide
(12 mg) were added and vigorously stirred. After stirring for
20 min, 1 mL of an aqueous sodium borohydride (NaBH,)
solution (45mg/mL) and 50uL of triethylamine were
quickly added under vigorous stirring. Afterwards, the
reaction was aged for 12 h at 4 °C. The aqueous phase was
then gently removed, and the mixture in the organic phase
was washed several times with water. Dark green rhombic
crystals were crystallized from methylene chloride (CH,Cl,)
in a week. Step 2: MSA (0.8 mg) was added into a 1 mL
ethanol suspension of organophilic AgNCs (5 mg). After
stirring for 3 h at room temperature, concentrated ammonia
(6 uL) was added to precipitate AgNCs. Solid products were
separated by centrifugation, washed three times with etha-
nol, and finally dissolved in deionized water, followed by
characterization.

AgNPs #1 was made based on the following process.
Briefly, AgNO; (60 mg) was dissolved in 4 mL of N,N-
dimethylformamide in an ice bath. Then, MSA (13.50 mg)
and tetraphenylphosphonium bromide (12mg) were
added and vigorously stirred. After stirring for 20 min,
1mL of an aqueous NaBH, solution (45mg/mL) was
added into each reaction after 50 pL of triethylamine was
quickly added under stirring conditions. The reaction
was thereafter aged for 6 h at room temperature. AgNPs
with a uniform size were separated by centrifugation,
washed with water, and eventually dissolved in deionized
(DI) water. For the synthesis of AgNCs #2, MSA
(13.50 mg) was replaced by MSA (6.75 mg) and S-Adm
(7.50 mg); otherwise, the other steps were the same as the
synthesis for AgNPs #1.

AgNCs and AgNPs were characterized by transmission
electron microscopy (TEM) (JEM-2100F, Japan). Fourier
transform infrared (FTIR) spectroscopy was performed on
an iS50 FTIR spectrometer (Thermo Fisher, USA). The
ultraviolet (UV)—visible (Vis) spectra were acquired on a
UV-Vis spectrophotometer DU-800 (Backman, USA).
The zeta potential in water and culture medium was
measured with a dynamic light scattering (DLS) instru-
ment (Malvern, UK). The elemental composition of TEM-
analyzed specimens was assessed through EDS
(OXFORD, London, UK).

Bacterial strains and growth determination

MDRSB strains of P. aeruginosa, A. baumannii, and E.
coli were obtained and maintained with approval from the
inhouse ethics committee at the China-Japan Friendship
Hospital**?, and their corresponding regular drug-


http://apps.webofknowledge.com
http://apps.webofknowledge.com
http://www.ncbi.nlm.nih.gov

Chen et al. NPG Asia Materials (2020) 12:56 Page 4 of 15

a b
Size o 1 : . *
Surface Ligands o 3001
=
Surface Charge o é s s St
@ 5
Drug Resistance ° E 200 T3 N
G t )
Exposure Time o 3 O Size Group
. . s W B il © g’ 2 ® <15nm
Bacterial Strain o 100 ‘~:‘:.~' :: . .":; '. s o ® 15~30 nm
Gram properties |o e iy el S W] S . e 30750 nm
T T T IR "f»’."!.'-;:"gi'-: v .;1" -."
0 5 10 1520 O I
Increase of MSE (%) Gram Negative Gram Positive
c
d e
21
> ——AgNCs
S —— AgNPs #1
S —— AgNPs #2
n
QO
<
0
300 400 500 600 700 800 900
Wavelength (nm)
Dissloved in H,O
Fig. 1 Design and synthesis of AGQNMs against MDRB. a Importance of seven factors in dictating the MIC values (MSE: means squared error).
b Classes of size-determined effects on the survival of different bacterial strains as reflected by MIC values. Red represents a size <15 nm, green
indicates 15 to 30 nm, blue denotes 30 to 50 nm, and black represents 50 to 100 nm. ¢ A schematic depicting the morphology and surface properties
of AgNPs (#1 and #2) and AgNCs, where —~COOH represents mercaptosuccinic acid and -Adm denotes 1-admantanethiol. d Representative images of
AgNPs and AgNCs dissolved in water and CH,Cl,, reflective of their hydrophilic and amphiphilic features. e Absorption profiles of AgNPs #1, AgNPs
#2, and AgNCs.

susceptible strains were commercial strains acquired from  Enzyme-like activity of AgNMs

the ATCC. Bacterial cell growth and killing efficacy were For the TMB (3,3,5,5'-tetramethylbenzidine) assay, an
determined through growth curves reflective of absorption  aqueous solution of AgNPs or AgNCs was diluted to a
at ODggo and colony forming unit (CFU) counting accord-  final concentration of 51.20 pg/mL with DI water, and
ing to standard protocols, as described previously41'43. Inthe then 100 pL of H,O, (10 M) and 20 pL of TMB (100 mM
current work, we repeatedly thawed the stored bacteria from  dissolved in DMSO) were added. The volume of the final
the parental lines to avoid secondary resistance. reaction system was adjusted to 1 mL with DI water. After
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5 min, the absorbance curve was monitored by a UV-Vis
spectrophotometer (UNICO, UV-2800). DI water was
employed as the untreated control in TMB experiments.

For electron spin resonance (ESR) spectrum acquisition,
a 50 uL system (5 pL of 5,5-dimethyl-1-pyrroline n-oxide
(DMPO) (1 M), 5pL of H,O, (10 M), 5L of AgNPs or
AgNCs (484 pug/mL), and 35 pL of DI water) were sub-
jected to electron paramagnetic resonance (EPR, BRU-
KER, A300-10/12). DI water was employed as the
untreated control in both the TMB and ESR experiments.

Intercellular ROS and extracellular MDA assays
Intracellular ROS production was measured in bacterial
cells with a 2’, 7’-dichlorofluorescin diacetate (DCFH-DA)
probe following an established protocol, as previously
described**. Malondialdehyde (MDA), a product of lipid
peroxidation, was assayed by the thiobarbituric acid
(TBA) test, as previously described®, according to the
manufacturer’s instructions (Solarbio, Beijing, China).

Cellular ATP level test

The level of cellular ATP in MDR P. aeruginosa was
determined using a bioluminescence assay kit (Beyotime,
Shanghai, China). Briefly, post-treatment, bacterial pellets
were lysed with lysis buffer in Lysing Matrix B tubes
(MPBio, CA, USA) and vortexed three times for 30 s with
incubation on ice at intervals, followed by centrifugation
at 12,000 x g for 5min at 4 °C. Finally, 20 uL of super-
natant dispersed in DI water was mixed with 80 pL of
luciferase reagent, which catalyzed bioluminescence pro-
duction from ATP and luciferin. The emitted biolumi-
nescence linearly correlated to the ATP concentration, as
measured using a microplate luminometer (Varioskan
Flash, Thermo, USA).

TEM examination and propidium (PI) staining of bacterial
cells

After exposure of AgNPs and AgNCs, P. aeruginosa
cells were separated and then fixed by glutaraldehyde at
4.°C overnight, followed by TEM examination (JEM2010,
Japan)*®. Similarly, bacterial cells were stained with PI at
50 pg/mL for 20 min on ice and then visualized and
examined on a TCS SP5 microscope (Leica, Germany).

Determination of cellular Ag uptake

The Ag mass in treated bacteria was analyzed with the
inductively coupled plasma mass spectrometry (ICP-MS)
method, as described previously47’49. In brief, an equal
number of bacterial cells (determined by ODggo value)
were collected and digested with a strong oxidation-acid
solution (a 3:2 mixture of nitric acid and hydrogen per-
oxide) at room temperature. For the proportion of
membrane-bound silver, the membrane was first extrac-
ted, followed by acid digestion. Eventually, the Ag content
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was measured on an ICP-MS instrument (NexION
300X, USA).

Molecular dynamics (MD) simulation

Coarse-grained molecular dynamics (CGMD) simu-
lations were performed using the modified MARTINI
force field, in which an average of four heavy atoms were
represented by a single bead to increase the timescale
and the space scale of the simulation system®’. In our
simulations, each bacterial outer membrane comprises
two asymmetric leaflets. The outer leaflet consisted of
53 lipopolysaccharide (LPS) molecules and 13
dipalmitoyl-phosphatidylethanolamine (DPPE) mole-
cules. The inner leaflet was composed of 175 DPPE
molecules. GNOMM software was used to construct the
initial structure of the bacterial outer membrane®'. The
topology of the coarse-grained (CG) LPS was obtained
from the model, as proposed by Ma et al.>*>. The water
model based on the Morse potential was used to replace
the original MARTINI water to prevent unphysical
water freezing on the membrane surface’®*. The CG
structure of the AgNCs was derived from its atomic
structure while reserving the position of the binding
sites of the adamantine®. Here, each adamantine was
coarse-grained into a trihedron structure with a map-
ping ratio of ~3:1, and each core Ag atom was mapped
to one CG bead.

During the simulations of the interaction between
AgNMs and the bacterial membrane, the system was
equilibrated at zero tension using the NPT ensemble.
The temperature boundary conditions were set using
the Nose-Hoover algorithm, and the pressure boundary
conditions were set using the Parrinello-Rahman pres-
sure coupling method. For temperature coupling, the
water, DPPE, and LPS molecules were independently
coupled with relaxation times (r7) of 0.20, 1.00, and
1.00 ps, respectively. The reference temperature was set
at the body temperature of 310 K. The time step of all
simulations was 10fs. The nonbonding pair list was
updated every 5 steps with a neighboring search cutoff
of 1.60 nm. All simulations were performed using the
GROMACS 4.5.5 package™.

Animal experimentation

Balb/c mice (7-week-old) were purchased from the
Beijing Vital River Laboratory Animal Technology Co.,
Ltd. (Beijing, China). All animal experiments were
approved by the Animal Ethics Committee of the
Research Center for Eco-Environmental Sciences, Chi-
nese Academy of Sciences. For the lung infection model,
prior to lung infection, MDR P. aeruginosa 5835 cells
were suspended in phosphate-buffered saline (PBS) to
reach ODggp =0.2. After an internasal drip for 30 min,
AgNPs and AgNCs administration was performed on



Chen et al. NPG Asia Materials (2020) 12:56

anesthetized animals (by 5% sodium pentobarbital) by
instilling materials onto each nostril (in a total of 25 pL).
Forty-eight hours later, mice were anesthetized, and
bronchoalveolar tissue was flushed with prewarmed PBS
to collect bronchoalveolar lavages. Afterwards, 100 pL of
bronchoalveolar lavages from each mouse was subjected
to culture on plates for 24 h. Blood was collected for
serum total bilirubin measurement using a commercial kit
(BioAssay Systems, California, USA). Serum IL-6 was
determined by a commercial kit following the instructions
from the manufacturer (NEOBIOSCIENCE, Beijing,
China), and other organs were also collected for histolo-
gical examination after H&E staining with respect to the
standard protocol.

Identification of P. aeruginosa by endpoint polymer chain
reaction (PCR)

Briefly, to extract bacterial DNA, a single colony from
the plates in different groups was individually suspended
in 20 pL of lysis buffer (0.25% sodium dodecyl sulfate and
0.05 M NaOH). After heating for 20 min at 95 °C in a dry
bath (Thermo Fisher, USA), 180 pL of DI water was
added. Then, isolated DNA was amplified in a 25puL
reaction volume, as described previously”®, with the fol-
lowing conditions: each reaction contained 2 uL. of DNA
templates, 12.50 uL of StartMix, and 2 pL of mixed primer
(PA-SS-F**: GGGGGATCTTCGGACCTCA; PA-SS-R**:
TCCTTAGAGTGCCCACCCQ) with additional DI water
to reach a total volume of 25 uL. The PCR procedures are
shown in Supplementary Table S1. After 25 cycles, ten
microliter PCR products were subjected to 1% agarose gel
electrophoresis (120 V/20 min), as described®’.

Ag ion dissolution assessment

To determine Ag ion dissolution, AgNPs and AgNCs at
16 pg/mL in H,O were subjected to rotation at 180 rpm,
and 1 mL of H,O was aliquoted at different time points
and dialyzed with 8 kD dialysis bags in 100 mL of DI water
for 2h. Thereafter, dialyzed Ag ions into water were
quantified through ICP-MS.

Statistical analysis

Experimental data are represented as the mean + SD.
The significant differences were analyzed with Student’s
t-test using SPSS software. Statistical significance was
determined at P < 0.05.

Results and discussion
Definition of desirable parameters of AgNMs with superior
antimicrobial capability

First, to define the potency of various physicochemical
properties and experimental parameters affecting AgNM’s
antimicrobial efficacy, quantitative calculation was carried
out through meta-analysis by collecting 266 sets of data
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from 36 publications with rigorous inclusion/exclusion
criteria. Hereby, the random forest regression model was
used to quantify the contribution of seven indicators to
dictate the MIC values, including three physicochemical
properties (particle size, surface ligand and surface
charge) and four experimental setups (gram feature,
bacterial strain, exposure time and drug resistance). As
shown in Fig. la, the physicochemical properties of
AgNMs, ie., the size and surface, bore much greater
influence on their antibacterial efficacy than that of the
experimental parameters, such as bacterial features and
exposure time. Of note, the particle size was the most
impactful attribute, with an increase in the mean squared
error (MSE%) of ~20%, and further analysis manifested an
inverse correlation between the particle size and anti-
bacterial potency of AgNMs; that is, the smaller the size
was, the greater the antimicrobial effect, with the greatest
performance observed for sizes <15nm (Fig. 1b). Since
there is no sufficient literature to exhaustively analyze the
effects of core fraction and hydrophilicity and hydro-
phobicity, we further integrated experimental data to look
for optimal physicochemical property combinations. To
this end, we deliberately synthesized relatively small-sized
AgNCs and AgNPs with distinct hydrophilicity and
hydrophobicity characteristics. As shown in Fig. 1c and
Supplementary Fig. S2, AgNCs were synthesized from two
types of AgNMs with different ligands, S-Adm and MSA,
following our previous protocol with slight modifica-
tions®. TEM images displayed an average size of AgNCs of
2.80 nm (Supplementary Fig. S2c). Two types of AgNPs
(#1 and #2) were fabricated with comparable diameters of
~3.80nm and 3.20 nm, respectively (Supplementary Fig.
S2a, b). For hydrophilicity/hydrophobicity control, the
surface of AgNPs #1 harbored only MSA ligands, whereas
the AgNPs #2 surface contained both S-Adm and MSA.
As a result, AgNPs #1 could be dissolved only in water,
while AgNPs #2 could be dissolved in water and partially
dissolved in methylene chloride (CH,Cl,) (Fig. 1d). By
contrast, AgNCs displayed good solubility in both water
and CH,Cl,, suggesting that AgNCs are superior in ligand
exchange reactions for hydrophilicity/hydrophobicity
relative to AgNPs. Owing to the bulkiness of S-Adm,
nanoclusters bear a low-surface thiolate coverage and,
thus, manifest extremely high-surface reactivities towards
exchange reactions with diverse ligands, including halides,
phenylacetylene and thiols**. Moreover, these ligands,
except halides, tend to replace [S-Adm] instead of halides
due to the particular surface binding structure of the
nanoclusters that are endowed by the bulky thiolates. In
other words, some Ag—S bonds among these S atoms in
the middle part of the cluster are longer than 2.70 A,
rendering the thiolates easy targets for attack and eventual
replacement by these ligands®, as shown in Fig. lc.
Therefore, AgNCs could be made amphiphilic through
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metathesis with water-soluble ligands, yielding new
functionalities for various bioapplications. As the water-
soluble ligand MSA served as an exchange ligand,
amphiphilic AgNCs were successfully obtained. The FTIR
results showed that AgNCs had obvious absorption peaks
at ~1704 and 1535cm ' (denoted by green arrows)
(Supplementary Fig. S2d), corresponding to the C=0O
vibrations of MSA and N-H bending of ammonium
acetate, respectively, as previously described”®. In addi-
tion, AgNCs also contained S-Adm ligands, as indicated
by the absorption peaks at 2885 and 2841 cm ™! (indicated
by red arrows) (Supplementary Fig. S2d). Moreover,
AgNCs exhibited a broad absorption peak at ~460 nm,
which was mainly attributed to the core structure®,
whereas AgNPs #1 and #2 displayed a significant
absorption peak at ~410 nm (Fig. 1le). It should be noted
that AgNPs #1 and #2 and AgNCs were all negatively
charged in DI water (Supplementary Fig. S2e).

Antibacterial activity screening of AgNCs against MDR P.
aeruginosa

P. aeruginosa is a leading pathogen of hospital-acquired
pneumonia, often causing cystic fibrosis (CF)°>®!, and
MDRB strains cause even severe outcomes, such as
increased mortality, prolonged hospital stays and even the
necessity for surgery®>. We therefore selected the P. aer-
uginosa MDRB strain (an isolate from a patent with ser-
ious infection, inhouse No. 5835) for detailed in vitro and
in vivo antibacterial assessment. First, we screened the
antibiotics towards the isolated P. aeruginosa strain in
comparison to the corresponding regular strain. As shown
in Supplementary Fig. S3, AgNCs suppressed both regular
and MDR P. aeruginosa strains, and the MIC values on
the susceptible and resistant P. aeruginosa strains indi-
cated no selectivity of AgNCs towards the regular or
MDRB strain, suggestive of wide-caliber targeting.
Importantly, AgNCs revealed <2-fold greater efficacy than
that of AgNPs (#1) in suppressing P. aeruginosa growth
(Supplementary Fig. S3). Moreover, as shown in Supple-
mentary Fig. S4, the screening data unveiled that AgNCs
started to restrain MDR P. aeruginosa growth starting at
very low concentrations, ie, 1.60pug/mL. A maximum
inhibition (~90%) was observed at 6.40 pg/mL, in contrast
to the 81% exhibited by AgNPs #1 and 62% by AgNPs #2
at the same concentration, as reflected by the measure-
ment of the optical density at 600 nm (ODgqg) (P < 0.001).
Subsequent growth curves demonstrated remarkable
suppression of bacterial cell growth by AgNCs over time
in contrast to mild inhibition by AgNPs #1 and #2 (Fig. 2a,
P <0.001). Moreover, the plate culture assessment cor-
roborated the outstanding killing efficacy of AgNCs of
~72.3% and 99.80% at 3.20 and 6.40 ug/mL, in compar-
ison to 59.50% and 95.50% for AgNPs #1 and 68.40% and
81.60% for AgNPs #2, respectively (Fig. 2b, ¢, P <0.001).
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Additionally, we examined the sensitization effect of AgNPs
and AgNCs in combination with antibiotics. As shown in
Supplementary Fig. S5, AgNPs (#1) and AgNCs, especially
the latter, greatly increased the sensitization of MDR P.
aeruginosa to imipenem (IMP) and tobramycin (TOB). In
this context, we revealed that AgNCs also acted to sensitize
MDR P. aeruginosa to antibiotics. Together, these results
unveiled that AgNCs bore pronounced bactericidal activity
against MDR P. aeruginosa, and this bactericidal potency
was superior to that of AgNPs.

Incredible capability of AgNCs to provoke free radicals

To interpret the enhanced cell death induced by AgNCs
in comparison to that induced by AgNPs, we attempted to
understand the plausible molecular basis underlying this
difference. First, we determined the peroxidase-like
activity of these AgNMs. The AgNCs manifested even
greater peroxidase-like activity than AgNPs #1 and #2, as
reflected by their reinforced capability to catalyze the
conversion of the reporter molecule TMB (Fig. 3a, b). To
further corroborate the remarkable peroxidase-like
activity of AgNCs, the H,O,/Ag/DMPO spin trap sys-
tem was used to detect the hydroxyl radical signals. As
shown in Supplementary Fig. S6, the DMPO/+OH adduct
signal intensity was enhanced in response to these
nanomaterials (AgNPs #1 and AgNCs), and AgNCs pro-
moted more «OH radical production by catalyzing the
decomposition of Hy,O,, nearly 2-fold more than AgNPs
(#1) catalysis. Altogether, these results essentially
demonstrated that AgNCs showed more active
peroxidase-like activity than AgNPs. Although other
enzyme-mimicking activities have also been studied for
diverse nanomaterials®***, our finding on the peroxidase-
like activity of AgNCs underpinned their antibacterial
effects.

Motivated by the greater peroxidase activity of AgNCs
in cell-free conditions, we endeavored to probe the free-
radical generation promoted by AgNCs in cells, which
may (at least in part) account for cellular injuries. As
shown in Fig. 3c, while AgNPs #1 and #2 only triggered
mild induction of ROS over time relative to that in
untreated cells, AgNCs dramatically promoted ROS pro-
duction at 6 h, with an almost threefold increase in ROS
compared to those in the untreated control (P < 0.001).
Similarly, the total amount of ATP declined by 16.90%,
39.50% and 72.80% in P. aeruginosa cells responding to
AgNPs #1 and #2 and AgNCs after 6 h of exposure at
6.4 pg/mlL, respectively, compared to that in the untreated
control (Fig. 3d, P < 0.001). After normalization to the cell
numbers, as reflected by the ODggy values, the relative
cellular ATP production was also reduced by 51.10% in P.
aeruginosa cells in response to AgNCs relative to
untreated cells (Fig. 3e, P<0.001), suggesting a great
attenuation of electron transfer and respiratory chain
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Fig. 2 Antibacterial activity of AgNPs and AgNCs against multiple MDRB. a Cell growth curves were recorded over time starting from an ODggo
value at 0.1, where P. aeruginosa MDR cells were exposed to AgNPs and AgNCs at 6.4 pg/mL. b The broth microdilution method** was used to
evaluate the antibacterial effect. CFU counting of P. geruginosa MDR strain 5835 treated with AgNPs #1, AQNPs #2 and AgNCs at 3.2 and 6.4 pg/mL
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function in living bacterial cells. In contrast, no significant
decline in relative ATP production was revealed in
AgNPs-treated cells (Fig. 3e). These findings defined a
myriad of free radicals induced by AgNCs upon associa-
tion with bacterial cells and unveiled significant impair-
ments of various cellular machineries and processes
through oxidative stress by AgNCs. Furthermore, the
above results revealed a mild difference between AgNPs
#1 and AgNPs #2. Therefore, only AgNPs #1 (termed
AgNPs in the following sections) was compared to AgNCs
for better mechanistic understanding in the following
investigations.

AgNCs tend to associate with bacterial cells and cause
wall/membrane damage

Afterwards, we inspected the molecular mechanisms
underlying the robust antibacterial activity of AgNCs.
Since AgNCs showed excellent amphiphilic modality due
to the copresence of both hydrophilic (-COO-) and
organophilic (S-Adm) groups on their surface, AgNCs
should associate with bacterial cells better than AgNPs.
To test this hypothesis, TEM analysis was conducted to
shed light on the interface between AgNCs and bacterial
cells. As shown in Fig. 4a, after exposing MDR P. aeru-
ginosa 5835 to AgNCs for 6 h, a large proportion (>30.0%)
of bacterial cells appeared in screw-like morphologies
with a large amount of surrounding debris (indicative of
previously dead cells) in comparison to the intact mor-
phology of untreated cells, and this proportion was much

lower in AgNPs-treated cells (~10%) (Fig. 4a and Sup-
plementary Fig. S7, P < 0.001), indicating severe damage of
P. aeruginosa bacterial cells upon introducing AgNCs.
Enlarged images of the interactions between AgNCs and
bacterial cells showed massive AgNCs localization in the
form of agglomeration together with cell debris (shown by
orange arrowheads) and inside cells (denoted by red
arrowheads) (Fig. 4a). In contrast, scarce AgNPs adsorp-
tion could be visualized on the cellular wall/membrane or
inside the cell, and most AgNPs self-aggregated outside
the bacterial cells, as indicated by blue arrowheads (Fig. 4a).
Notably, energy-dispersive X-ray spectroscopy (EDS)
confirmed the nature of AgNMs in association with
bacterial cells (Supplementary Fig. S8). These observa-
tions, thus, confirmed the active binding and inter-
nalization of AgNCs towards P. aeruginosa bacterial cells.

To explore the nano-bio interaction between AgNPs or
AgNCs and bacterial cells, we further investigated cellular
wall/membrane injuries, as reflected by propidium (PI)
staining and MDA leakage determination. As shown in
Fig. 4b, c, >43% of PI-positive cells were visualized upon
AgNCs treatment at 6.40 pg/mL for 6 h in comparison to
the 1.5% observed in the untreated control, and the pro-
portion of PI-positive cells was >2 times greater than that
in cells treated with AgNPs (P <0.001), which was in
agreement with the above TEM results (Fig. 4a and
Supplementary Fig. S7). Analogously, membrane damage
led to elevated release of MDA into the culture medium,
especially in AgNCs-treated cells (Fig. 4d, P <0.001).
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Therefore, these results showed active binding and uptake
of AgNCs by P. aeruginosa cells, coupled to severe
membrane damage, giving rise to a reinforced likelihood
of interaction between AgNCs and biomolecules within
bacterial cells.

To further prove that severe membrane damage resulted
from increased Ag binding, which was indicated by TEM
(Fig. 4a), we employed ICP-MS to determine the Ag uptake
of AgNPs and AgNCs of both total and membrane-binding
Ag. As shown in Fig. 4e, f, both the total Ag uptake and the
membrane-binding Ag increased by ~2-fold in AgNCs-

treated cells relative to that in AgNPs-treated cells (P<
0.001). Moreover, Fig. 4g shows a greater proportion of
membrane-bound Ag of the total Ag in AgNCs-treated cells
than that in AgNPs-treated cells. Previous studies demon-
strated that Ag ions released from particles also contributed
to the overall toxicity in diverse organisms®”*>°°, Therefore,
we measured the percentage of ion dissolution from AgNCs
and AgNPs. Our data showed limited release of Ag ions
from AgNCs and AgNPs over time, and only ~1.50% of Ag
ions were identified coming out of AgNCs and AgNPs after
24'h (Supplementary Fig. S9a). Nevertheless, no toxicity was
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found in P. aeruginosa cells at the concentration with a
maximum dissolution rate (Supplementary Fig. S9b), ruling
out the implication of Ag ions eliciting toxicity to P. aeru-
ginosa. Therefore, these findings further supported our
finding that enhanced uptake and binding, at least in part,
accounted for severe membrane damage of bacterial cells
upon AgNCs.

MD simulations reveal greater intrusion of AgNCs than
AgNPs into the bacterial bilayer membrane

To substantiate the above findings, we further used
coarse-grained MD (CGMD) simulations to specifically
study the difference in the process of AgNPs and AgNCs
penetrating the bacterial bilayer membrane. Considering
the asymmetry of the bacterial outer membrane (the outer
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layer mainly consists of LPS molecules, and the inner
layer is composed of only DPPE molecules), we compared
the interaction energies of the AgNMs with those of
DPPE and LPS molecules by adding an external force to
introduce AgNPs or AgNCs to enter the interior of the
membrane (Fig. 5a). The interaction energy diagram in
Fig. 5b shows that the van der Waals (VDW) interaction
energy between the AgNMs and the LPS dominated the
translocation of the AgNMs. Owing to the hydrophilicity
of AgNPs, a weaker VDW interaction with the hydro-
phobic tails of DPPE and a much stronger VDW inter-
action with the polar heads of LPS were revealed
compared to those of the amphiphilic AgNCs. A larger
negative value of the total interaction energy indicated a
stronger binding between AgNMs and molecules.
Therefore, the AgNPs had to overcome more energy to
penetrate the membrane. It should be noted that although
the AgNPs could be more strongly repulsed by the
negatively charged heads of the LPS than the AgNCs, the
Coulomb interaction was relatively unimportant relative
to the VDW interaction. Therefore, the amphiphilic
property of AgNCs with two ligands could obviously
reduce the interaction energy with the LPS of the outer
membrane, therefore, intruding the outer membrane
more readily.

Antibacterial activity of AgQNCs against MDR P. aeruginosa
in mice with pulmonary infection

Next, we assessed the performance of AgNCs to combat
MDR P. aeruginosa in a pulmonary infection mouse
model, as depicted in Fig. 6a, where AgNCs or AgNPs
were intranasally administered into mice 30 min after P.
aeruginosa 5835 infection. First, we examined the survival
of mice postinfection. In the untreated group, 4 out of 8
mice died within 48 h, in contrast to 3 out of 8 in the
AgNPs-treated group and 1 out of 7 in the AgNCs-treated
group (Fig. 6b), suggesting reinforced tolerance of mice
against P. aeruginosa intrusion upon treatment, particu-
larly that with AgNCs. The propagation of P. aeruginosa in
the lungs was further determined by cultivating bronch-
oalveolar lavages from mice 2 days post administration. As
shown in Fig. 6¢c, CFU counting showed a substantial
reduction in P. aeruginosa cells in the lungs of the AgNCs-
treated mice, with an average of 1 CFU/plate, in contrast
to 53 CFU/plate in the AgNPs-treated group and 175
CFU/plate in the untreated group (P <0.001), indicating
the outstanding killing efficacy of AgNCs against P. aer-
uginosa in the lung. Through polymerase chain reaction
(PCR) analysis of the evolutionally conserved sequence in
P. aeruginosa®®, our data corroborated the identity of
P. aeruginosa from these clones (Supplementary Fig. S10).
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To further recognize the protective role of AgNCs in the
lungs from P. aeruginosa infection, we examined lung
histology. As shown in Fig. 6d, relative to that of the blank
control mice, histological alterations featured very severe
pneumonia, as characterized by extensive infiltration of
inflammatory cells (indicated by green arrowheads), col-
lapsed alveoli (indicated by black arrowheads) and com-
pressed interstitial space (denoted by blue arrowheads). In
stark contrast, AgNCs administration significantly ame-
liorated the pneumonic phenotypes, as these morpholo-
gical injuries nearly disappeared in AgNCs-treated mice
after treatment for 48 h and 7 days (Supplementary Fig.
S11 and the bottom panel in Fig. 6d), confirming the
remarkable killing efficacy of AgNCs against MDR P.
aeruginosa 5835 in the lung. Moreover, marked hemolysis
was observed in the interstitial space of untreated mice
(denoted by vyellow arrowheads). However, nearly no
hemolysis was found in the lungs of AgNCs-treated mice
(Fig. 6d). In support of these observations, the total serum
bilirubin concentration was elevated ~4 times in untreated
mice compared to that in the mock control (Fig. 6e,
P <0.001). In comparison, the bilirubin level dropped to
baseline in AgNCs-treated mice (Fig. 6e, P < 0.001), indi-
cative of the disappearance of hemolysis. Moreover,
AgNCs tremendously abolished systemic inflammation, as
evidenced by a >50.0% reduction in the serum IL-6 con-
tent in mice after AgNCs treatment for 48 h (P < 0.05), in
contrast to the small change in mice upon AgNPs treat-
ment compared to the untreated control (Supplementary
Fig. S12). Furthermore, AgNPs could also mitigate these
pneumonic phenotypes but to a much lesser extent than
AgNCs (Fig. 6d, e), consistent with the in vitro observa-
tions (Fig. 2). Consistently, the complete blood count
(CBC) data suggested that systemic inflammation was
relieved in infected mice upon treatment, especially upon
AgNCs, as evidenced by the reduction in white blood cell
counts (data not shown). Additionally, to probe the
antibacterial activity of AgNCs against other MDRB, we
also worked on clinical isolates that were deliberately
purified from patients with serious infections. Addition-
ally, four paired regular and corresponding MDRB
strains, including Acinetobacter baumannii (A. bau-
mannii) and Escherichia coli (E. coli), were subjected to
treatment with AgNPs and AgNCs. As shown in Sup-
plementary Fig. S13, AgNCs displayed a remarkable
capability to repress the growth of all these strains at 3.20
and 6.40 pg/mL, showing much greater potency than that
of AgNPs (P < 0.05). Altogether, these data substantiated
the outstanding antibacterial activity of AgNCs against
various MDRB.

Considering the biosafety and biocompatibility of
AgNPs and AgNCs, we thoroughly assessed the toxicity of
AgNPs and AgNCs in vivo and in vitro. As shown in
Supplementary Fig. S14, the animal experimental results
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indicated that neither AgNPs nor AgNCs caused sig-
nificant toxicity to diverse tissues, including heart, liver,
spleen, lung, kidney and brain tissues, as characterized by
histological examination based on H&E staining. More-
over, CBC was determined after treatment with AgNMs.
As shown in Supplementary Table S2, no significant
change in CBC indexes was found in mice upon treatment
with AgNMs, confirming the excellent biocompatibility of
these AgNMs. In addition, we also determined the cyto-
toxicity of AgNPs and AgNCs at various concentrations in
different cell lines. As shown in Supplementary Fig. S15,
the results indicated that AgNCs and AgNPs did not
exhibit significant toxicity even at higher concentrations
towards A549 (pulmonary epithelial cells), HL-7702
(normal human hepatocytes), and C2C12 (mouse myo-
blast cells) cells. With the combined results from both
in vitro and in vivo experiments, we deduced that the
AgNPs and AgNCs were biocompatible at the tested
concentrations.

Conclusions

To summarize, our experimental data together with a
meta-analysis revealed that small AgNCs were superior to
conventional AgNPs against MDR P. aeruginosa. Speci-
fically, our findings unearthed the great importance of the
size, core structure and surface ligands in dictating the
antibacterial activity of AgNCs. Our experimental data
together with MD simulation findings unveiled that
AgNCs with amphiphilic ligands showed strong nano—bio
interactions towards bacterial cells and thereby under-
went active endocytosis by the targeted cells. Moreover,
AgNCs harbored robust peroxidase-like activity and the
strong capability to promote ROS generation. To this end,
AgNCs manifested great bacteria-killing efficacy in vitro
against MDR P. aeruginosa and a therapeutic outcome in
treating P. aeruginosa-induced pneumonia in mice.
AgNCs also bore excellent cyto-/biocompatibility. This
study opens a new avenue for AgNCs as promising
therapeutics to combat MDRB.
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