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ABSTRACT

The unique antibacterial characteristics of Ag nanomaterials offer a wide potential range of
applications, but achieving rapid and durable antibacterial efficacy is challenging. This is because
the speed and durability of the antibacterial function make conflicting demands on the structural
design: the former requires the direct exposure of Ag to the surrounding environment, whereas the
durability requires Ag to be protected from the environment. To overcome this incompatibility,
we synthesize sandwich-structured polydopamine shells decorated both internally and externally
with Ag nanoparticles, which exhibit prompt and lasting bioactivity in applications. These shells
are biocompatible and can be used in vivo to counter bacterial infection caused by methicillin-
resistant Staphylococcus aureus superbugs and to inhibit biofilm formation. This work represents

a new paradigm for the design of composite materials with enhanced antibacterial properties.

Keywords: Sandwich structure; Nanocomposite shells; Ag nanoparticles; Polydopamine;

Antibacterial activity.

1. Introduction



Silver has been utilized against bacterial contamination of water and food thousands of years
ago [1,2]. It was later applied extensively as an antibacterial agent to prevent wound infection until
the identification and the commercialization of the antibiotics. The selectivity and the effectiveness
of the antibiotics led to a surge in their use in medicine, while the use of Ag materials declined.
However, bacteria cannot develop resistance to Ag as they can to antibiotics, and widespread
antibiotic resistance now provides impetus for the development of new antibacterial Ag materials

[3-7].

Recent synthetic advances in nanotechnology have introduced Ag nanoparticles as a new form
of Ag materials with unique bactericidal characteristics [6—8]. Thanks to their small size and high
active surface, Ag nanoparticles exhibit superior bactericidal capabilities than their bulk forms [7—
9]. The antibacterial activities of Ag nanoparticles are closely associated with their release of Ag
ions, which are bioactive and interfere with vital enzymes in bacteria [7,8,10,11]. As such, the
preparation of Ag nanomaterials that can achieve a prompt yet durable release of Ag ions at a high
concentration could provide an potent solution to the challenge of effective inhibition of bacterial
population growth [7]. Nevertheless, the design of such materials is challenging because the
prompt ion-release and the durability of the function make contradictory demands on the structure
of the nanomaterials. Rapid release requires the direct contact between Ag and the surrounding
medium [12], while the durable release requires that the Ag nanoparticles are protected from the

environment [13].

To satisfy these contradictory demands, we propose a unique concept for the design of Ag
nanocomposite materials with enhanced antibacterial activity. We synthesize hollow
polydopamine (PDA) colloidal particles that are internally and externally decorated with Ag

nanoparticles via the sequential surface modification and the sacrificial template approaches,



giving rise to sandwich-structured Ag@PDA@Ag shells. These composite shells integrate the
advantageous antibacterial features of the core@Ag and Ag@shell structured particles, enabling a
prompt, intense, and durable release of Ag ions. Consequently, they exhibit superior antibacterial
activity in inhibiting the growth of both Gram-negative bacteria, Escherichia coli (E. coli) and
Gram-positive bacteria, Staphylococcus aureus (S. aureus). Additionally, these Ag@PDA@Ag
shells are biocompatible and can be applied to treat in vivo methicillin-resistant S. aureus (MRSA)
superbug infection and to inhibit biofilm formation. Hence these sandwich-structured shells

represent a promising avenue towards advanced nanocomposites with enhanced bioactivity.

2. Experimental section

2.1. Materials

All chemicals are analytic grade and used as received, unless otherwise mentioned.
Polyvinylpyrrolidone (PVP, molecular weight = 40000 g/mol), 3-hydroxytyramine hydrochloride
(dopamine hydrochloride), and tris(hydroxymethyl) aminomethane (Tris-base, > 99.8%) were
purchased from Sigma-Aldrich. 2, 2’-azobisisobutyronitrile (AIBN) was acquired from Shanghai
Chemical Reagent Co., Ltd., and was recrystallized in ethanol prior to use. Styrene (St) was bought
from Tianjing Tianli Chemical Reagent Co., Ltd. and was distilled in vacuum to remove the
inhibitor and subsequently stored at 4 °C until use. Ethanol, ammonia solution (28 wt% in water),
silver nitrate (> 99.8%), hydrochloric acid (36 wt% in water), trichloromethane, nitric acid (65.0-
68.0%), and sulfuric acid (98%) were supplied by Sinopharm Chemical Reagent Co. Ltd. Ultrapure

water (>17 MQcm!) used throughout the experiments was from a GZY-P10 water system.

2.2. Preparation of sandwich-structured Ag@PDA@Ag shells.



The synthesis involved the layer-by-layer decoration of monodisperse sulfated polystyrene
(SPS) colloidal particles with Ag nanoparticles, a PDA shell and Ag nanoparticles in sequence,
followed by the removal of the SPS cores. First, monodisperse polystyrene (PS) colloidal spheres
were synthesized through dispersion polymerization and then sulfonated by sulfuric acid (98%),
giving rise to uniform SPS colloids. The SPS particles were first separated by centrifugation, then

cleaned with ultrapure water, and finally stored in water [14].

Second, the SPS particles were coated with Ag nanoparticles by in situ reducing [Ag(NHj3),]*
ions using PVP. PVP plays two roles in the reaction, the first is as the reductant [15,16], and the
other as the stabilizer [17,18]. Typically, a freshly prepared [Ag(NH;3),]" aqueous solution (1 mL,
0.29-1.17 M) was added to a mixture of SPS particles (0.3 g), ethanol (19.0 g) and PVP (0.05 g)
at room temperature. After 2 h of stirring, the mixture was heated to 70 °C and the temperature
was maintained for 7 h prior to cooling naturally [19]. The core-shell structured SPS@Ag
nanocomposites were collected by centrifugation and rinsed with water and ethanol several times

prior to drying in a vacuum.

Third, the SPS@Ag particles were coated with a PDA shell by mixing SPS@Ag particles (0.2
g) with a dopamine solution comprising dopamine (0.2 g) and Tris—HCI buffer (100 mL, 10 mM
and pH 8.5) via sonication [20]. The mixture was magnetically stirred for 24 h prior to
centrifugation, then rinsed with deionized water and finally dried in vacuum. The SPS@Ag@PDA

particles were stored in air.

Finally, the SPS@Ag@PDA particles were decorated with Ag nanoparticles via an electroless
Ag metallization [12,21,22]. Typically, the SPS@Ag@PDA particles (0.1 g) were dispersed into
50 mL of freshly prepared [Ag(NH3),]* ion aqueous solution (0.012-0.048 M) by sonication. The

[Ag(NHj3),]" ions were anchored by the active catechol and amine groups presented in PDA, and



simultaneously in situ reduced to metallic Ag nanoparticles [23,24], resulting in
SPS@Ag@PDA@Ag particles. Actually, the reduction of Ag ions into metallic Ag nanoparticles
is mainly ascribed to the abundant catechol groups presented in polydopamine. These catechol
groups can release electrons when they are oxidized into their corresponding quinone derivatives,
which enable to trigger the reduction of noble metal ions into metallic nanoparticles [25,26]. The
SPS cores were then removed with trichloromethane. The sandwich-structured Ag@PDA@Ag

shells were collected by centrifugation and stored in a glass vial for further use.

For comparison, a series of shells including PDA, Ag@PDA, and PDA@Ag particles were also

synthesized following a similar strategy. Their formulations are detailed in Table S2.

2.3. Hemolysis Assay

The hemolysis assay was carried out according to an existing protocol [27]. In detail, the fresh
rat erythrocyte cells were collected from the Sprague-Dawley immune-competent rats (age: 7-9
weeks, Harlan, Horst, the Netherlands), and the protocol was approved by the Animal Ethical,
Care and Use Committee at Xi’an Jiaotong University, China. Erythrocyte cells were first
suspended in Tris-buffer, then centrifuged (500 g for 10 min) and rinsed with Tris-buffer three
times, and finally diluted to a concentration of 5.0 % (v/v) with Tris-buffer. The Ag@PDA@Ag
shell suspension was transferred into a 96-well microplate (80 puL for each well) at different
concentrations. An equivalent volume of erythrocyte suspension was then added to each well.
Positive and negative controls were performed using 0.1% Triton X-100 in Tris-buffer and Tris-
buffer without shells, respectively. The microplate was first incubated at 37 °C for 1 h with a gentle
shaking (150 rpm), and then centrifuged at 1000 g for 10 min. The supernatant (100 uL) from each
well was then pipetted into the wells of a new microplate. A further 100 uL of Tris-buffer was

added to each well to fix the final volume at 200 pL. The absorbance at 540 nm was determined



by using a microplate spectrophotometer (BIO-RAD Benchmark Plus, U.S.A.). The percentage of

the hemolysis was calculated based on the following equation:

HemOlySiS (%) = [(Asample - ATris -buffer)/(ATritonX - Asample)] x 100% (1)

where Agumpies Atvis-bufer a0d A7yison x are the absorbance of Ag@PDA@Ag shells, and negative and

positive controls, respectively.
2.4. In vitro cytotoxicity and cell viability evaluation

C2C12 cells (the clonal myoblastic cell line, bought from ATCC) were grown in Dulbecco's
Modified Eagle Medium (DMEM, Invitrogen) with 10% (v/v) fetal bovine serum (FBS), 100
U/mL penicillin and 100 pg/mL streptomycin, and incubated in a humidified atmosphere
containing 5% CO, at 37 °C. The C2C12 cells were then seeded in 96-well plates at a density of

around 8000 cells per well.

The in vitro cytotoxicity of the Ag@PDA@Ag shells for C2C12 cells was tested using an
Alamar blue assay. Specifically, C2C12 cells were incubated in a standard culture medium in the
presence of the Ag@PDA@Ag shells at various concentrations (10, 20, 40, 60, 80, and 100 pg/mL)
for 24 h. Meanwhile, the control groups containing culture medium alone were also prepared.
Subsequently, 10 uL of Alamar blue was added to each well, and the plates were incubated for 4
h at 37 °C. The absorbance of each well was measured with a microplate reader (SpectraMax i3,
Molecular Devices, U.S.A.) at 530 and 600 nm, respectively. The cell viability ratio was
determined by comparing the absorbance of the wells with those of the control wells containing

cell culture medium only.
2.5. Antibacterial assays

To evaluate the antibacterial activity of the shells, two bacterial species, Escherichia coli



(ATCC 25922, Gram-negative) and Staphylococcus aureus (ATCC 29213, Gram-positive) were
selected as the bacterial models. Bacteria cells were incubated overnight in an MHB (Mueller-
Hinton Broth) medium at 37 °C in an Orbital Shaker with a speed of 200 rpm, and subsequently
collected at the exponential growth phase by centrifugation at 5000 rpm for 5 min. The bacterial
cells were washed three times with the phosphate buffer saline (PBS), and then re-suspended in
the PBS at concentrations ranging from 10° to 107 colony-forming units (CFU) per milliliter. Later,
50 uL of bacterial suspension were added to 5 mL of MHB with shells. The suspensions were
cultured at 37 °C, and bacterial survival was detected with an ultraviolet spectrophotometer at a
wavelength of 600 nm. The O.D. (optical density) of the mixture was checked hourly from 0 to 20

h.

To further examine the antibacterial activities of the shells, the bacteria were stained by using
the live/dead backlight bacterial viability kits, following a standard protocol (Invitrogen) [28].
Briefly, 10 uL of a fluorescent dye was added to 10 puL of bacterial suspension. The samples were
then mixed intensively and incubated at room temperature in the dark for 30 min. The cells were

imaged with an inverted fluorescence microscope (IX53, Olympus, Japan).
2.6. In vivo wound infection assay

The in vivo animal experiments [29] were approved by the Institutional Animal Care and Use
Committee at Nanjing Tech University. The pathogen-free Sprague—Dawley immune-competent
male rats (Harlan, Horst, the Netherlands), 7-9 weeks old (200—220 g in weight), were obtained
from Nanjing Medical University. The rats were individually raised in cages at a standardized
temperature for 2 days. The rats were anaesthetized with 10% chloral hydrate (30 mg/kg), and two
partial thickness wounds were made on the right and the left sides of the backbone with a surgical

scalpel covering a rectangular surface (length of about 10 mm, see SF-12). 10 puL aliquot of MRSA



bacterial solution (103 CFU) was applied topically to the wounds. After 10 min, 10 uL of
Ag@PDA@Ag (100 png/mL) PBS dispersion was added to the right wound and the same volume
of PBS to the left wound. After 4 days, skin tissue samples from the wound sites were collected

for histological staining and biochemical analysis.
2.7. Histological examination

For histological examination, the skin wound specimens were fixed in 10% buffered formalin
and embedded in paraffin, and sections (3 um thick) were stained with hematoxylin and eosin (HE)

staining. The histological observations were made with an optical microscope.
2.8. Bacterial load evaluation in skin

The bacterial load in the skin was determined following a reported method [30]. Briefly, the
skin (0.2 g) was removed aseptically from the rats and homogenized in 2 mL of PBS (0.1 M, 7.2
pH). The tissue homogenates were serially diluted. The bacterial load was determined by plating

the dilution on nutrient agar plates and was enumerated in terms of CFU/mL.
2.9. Characterization

The surface morphologies of the samples were characterized by transmission electron
microscopy (TEM, JEOL JEM-2100, Japan). All samples were dispersed in ethanol and dried onto
carbon-coated copper grids prior to observation. The mean diameters of the particles were
calculated as the average of the measured diameter of over 100 particles from TEM images, and

the polydispersity of the samples was calculated based on the standard deviation:
Polydispersity = Standard deviation/mean diameter )

Elemental mapping was performed by energy-dispersive X-ray spectroscopy attached to the TEM.

Scanning electron microscopy (SEM, Hitachi SU8020, Japan) was used to characterize the surface



morphologies of the particles and the bacterial cells. Particles were dispersed in ethanol and were
dried on silicon wafers at room temperature before observation. The cells were treated based on a
reported protocol [2,31] and were observed with a field emission scanning electron microscope
(FESEM, Quant 250, FEI, U.S.A.). Thermogravimetric analysis (TGA) was performed on an SDT
Q600 (TA Instruments. U.S.A.). Sample powder was heated from 30 to 800 °C at a rate of 10
°C/min’! under a nitrogen atmosphere with a flow rate of 50 mL/min’!. Powder X-ray diffraction
(XRD) was performed on a DX-2700 X-ray diffractometer equipped with a Cu tube and a
diffracted beam curved graphite monochromator operating at 40 kV and 30 mA. The crystal
structure identification was carried out by scanning the sample powders supported on a glass
substrate with a scanning rate of 0.02 degrees (26) per second ranging from 10 to 90° (26). X-ray
photoelectron spectroscopy (XPS) measurement was carried out on an AXIS Ultra X-ray
photoelectron spectrometer (Kratos Analytical Ltd., the U.K.) equipped with a monochromatized
Al K X-ray source (1486.6 ¢V). All binding energies were calibrated using the containment carbon
(Cls =284.6 eV). An inductively coupled plasma mass spectrometer (ICP-MS, M90) was used to
measure the Ag ion release from shells. 5 mg of the sample were dispersed into ultrapure water
(20 mL), and then shaken in an orbital shaker with a speed of 100 rpm for periods ranging from 1
to 120 h. At selected intervals, the sample solution was centrifuged, and 1 mL of the supernatant
was transferred to a diluted nitric acid solution (9 mL, 1 v/v %). The Ag ions in the diluted

supernatant were measured with ICP-MS.

3. Results and discussion

The synthesis of sandwich-structured Ag@PDA@Ag shells is schematically described in Fig.

la. It consists of four major steps and integrates a sacrificial template, metallization of Ag ions,
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and PDA chemistry. These steps are conducted in succession: 1) monodispersed sulfonated
polystyrene (SPS) particles (see Fig. 1b and Table S1 in the Supplementary Information, SI) are
decorated with Ag nanoparticles that are reduced by polyvinylpyrrolidone [15,32], resulting in
SPS@Ag core-shell particles; 2) SPS@Ag particles are coated with PDA shells (57 nm in
thickness, see Table S1 in the SI) by polymerizing dopamine in a weakly alkaline environment
[20,26,33], yielding SPS@Ag@PDA core-shells; 3) PDA shells enable the in situ reduction of
[Ag(NH3),]* 1ions into Ag nanoparticles [21,25,26], allowing the formation of
SPS@Ag@PDA@Ag core-shells; 4) sandwich-structured Ag@PDA@Ag shells (1526 nm in
diameter, see Table S1) are obtained after the removal of the SPS cores with CHCIl;. Note that the
removal of the polystyrene cores are necessary concerns three aspects: 1) Polystyrene is not bio-
compatible, [34,35] the removal of which would improve the bio-compatibility of the samples; 2)
the removal of the polystyrene core can directly increase the weight fraction of bioactive Ag
nanoparticles within the samples, enhancing the antibacterial performance of the samples; 3) the
dissolution of the polystyrene core leads to a void in the particles, which facilitates the further
internal functionalization of the particles or the storage of the guest molecules [36,37]. The
structures of the products from each step characterized with transmission electron microscopy
(TEM) are shown in Fig. 1b-f (also see Fig. S1-4a in SI). X-ray photoelectron spectroscopy is used
to determine the surface compositions of the products, as displayed in Fig. 1g (also see Fig. Slc,
S2d, S3d, and S4c). These are consistent with X-ray diffraction results (Fig. S1d, S2¢, and S4d).
In the end, the sandwich structures of the Ag@PDA@Ag shells are confirmed by elementally

mapping the shells as shown in Fig. 1h (also see Fig. S5).

Next, we demonstrate that the morphology of the interior and exterior Ag shells can be tuned

independently by altering the amount of Ag precursors fed during steps 1 and 4, respectively.
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Similarly, the mean sizes of both the inner and outer Ag nanoparticles decrease with an increase
in the amount of Ag precursors, which is in line with previous results [12,15]. The inner Ag
nanoparticles are smaller than the outer ones (see Fig. 2, S6a, and S7). This may be ascribed to the
diverse synthetic protocols applied during steps 1 and 4. In step 1, polyvinylpyrrolidone serves as
both a reductant [32] and a stabilizer [15] for the smaller Ag nanoparticles. In contrast, in step 4,
Ag precursors are in situ reduced into nanoparticles by PDA shells, and grow into larger
nanoparticles because of insufficient stabilization (Fig. S6) [12]. In addition, increasing the amount
of Ag precursors leads to a rise in the load of the Ag nanoparticles (Fig. S6b and S7). The synthetic

ingredients and the sizes of the samples are summarized in Table S2.

The antibacterial activity of Ag nanocomposites relies on their structures [8]. First, we evaluate
the antibacterial activity of Ag@PDA@Ag shells against Gram-negative Escherichia coli
(ATCC25922) bacteria and Gram-positive Staphylococcus aureus (ATCC29213), in comparison
with those of PDA, Ag@PDA, and PDA@Ag shells, by culturing the mixtures of the shells and
bacteria on Lysogeny broth-agar plates. After 12 h incubation, Ag@PDA@Ag shells exhibit the
highest antibacterial activity, followed by Ag@PDA, and finally PDA@Ag shells. PDA shells do
not indicate obvious bioactivity as demonstrated in Fig. 3a and b. Next, we quantify and compare
the antibacterial performance of different shells by monitoring bacterial growth over time in the
presence of shells at concentrations of 100 pg/mL in Mueller-Hinton broths for up to 20 h.
Ag@PDA@Ag shells suppress the bacterial growth of both E. coli and S. aureus for longest (~18

h), followed by Ag@PDA (~13 h) and finally PDA@Ag (~7 h) as indicated in Fig. 3c and d.

The antibacterial activity of Ag materials primarily depends on the release of Ag* ions, although
the precise mechanism is still under debate [7,8,11,38]. The concentrations of Ag" ions released

from shells are monitored with an inductively coupled plasma mass spectrometer [39]. We observe
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that PDA@Ag shells release Ag" ions faster but to a lower plateau concentration than Ag@PDA
shells do (Fig. 3e), although the former contain more Ag than the latter (Fig. S8). This may be
caused by the difference in size between the inner and outer Ag nanoparticles (see Fig. 2 and Table
S2) [40]. Interestingly, Ag@PDA@Ag shells integrate the advantageous features of PDA@Ag
and Ag@PDA shells, resulting in a more rapid, intense, and durable release of Ag™ ions (Fig. 3e).
This is in accordance with the Ag™ release rate analyses in Fig. 3f, where Ag@PDA@Ag shells
demonstrate a higher Ag* release rate than the other two types of shells. These results also reflect
the relative antibacterial performance of various shell-types (Fig. 3¢ and d). The augmented, yet
nondurable Ag* release from PDA@Ag shells leads to a short inhibition period, whereas
Ag@PDA shells liberate Ag® ions more slowly but longer resulting in prolonged antibacterial
activity. The sandwich-structured Ag@PDA@Ag shells combine the structural advantages of
Ag@PDA and PDA@Ag shells, thus exhibiting both high antibacterial activity and long-term

efficacy.

Since Ag is the key bioactive component in shells, we next aim to tune the antibacterial results
by controlling the concentration of Ag. To achieve this goal, two approaches are feasible: these
are either adjusting the Ag content within the shells or adjusting the concentration of
Ag@PDA@Ag shells. As displayed in Fig. S9, an increase in the concentrations of Ag
nanoparticles and Ag@PDA@Ag shells prolongs the inhibition of the bacterial growth for both E.
coli and S. aureus. The cell membranes of the bacteria are damaged and the bacteria collapse after
the addition of the shells, eventually leading to bacterial death (Fig. S10). This agrees with previous
results, where Ag materials have been shown to deactivate micro-organismal cells by interacting
with sulfide-groups within enzymes and proteins, and causing structural changes and functional

damage to the cell membrane, leading to cell death [7,38,40].
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Prior to testing the in vivo application of Ag@PDA@Ag shells, we evaluate their
biocompatibility as shown in Fig. 4. First, a hemolysis assay of the shells is conducted by
incubating them with the rat erythrocyte cells. As the shell concentrations increase up to 1250
pg/mL, a minor hemolysis effect (< 8%) is observed as indicated in Fig. 4a. Then, the cytotoxicity
of the shells is estimated with C2C12 cells using an alamar blue assay. Cell viability remains high
(~80%) even as the concentration of the shells increases to 100 pg/mL, hinting that the shells are

benign and biocompatible.

Finally, we demonstrate the in vivo antibacterial utilization of Ag@PDA@Ag shells in wound-
healing in rats. Wounds on the backs of the rats are made by incising the skin (Fig. 5a and Fig.
S11) and are then infected with MRSA superbugs, without a treatment with shells in the control
batch (Fig. 5a-1) [29]. In the treated batch, Ag@PDA@Ag-iii shells are added to the infected
wounds to counter the bacterial infection (Fig. Sb-1). After 4 days, while the treated wounds heal
(Fig. 5b-2) well with a low load of viable bacteria (inset in Fig. 5b-2 and Fig. S12), the control
wounds do not heal (Fig. 5a-2), and exhibit a high bacterial content (inset in Fig. 5a-2 and Fig.
S12). These results are verified by SEM characterization, where the concentration of the bacteria
in the treated wounds is significantly lower than that in the control wounds (Fig. 5a-3 and b-3, and
Fig. S13). The bacteria in the control group form biofilms, hindering wound-healing (Fig. S13c).
In addition, a large epidermal and dermal area is damaged in the control group (Fig. 5b-4 and Fig.
S14), causing tissue inflammation. In contrast, the skin structure of the treated group is intact (Fig.

5c-4 and Fig. S14), evidencing the potent in vivo anti-bacterial efficacy of Ag@PDA@Ag shells.

4. Conclusions
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In conclusion, we propose a consecutive coating approach followed with a template sacrifice
process to yield sandwich-structured Ag@PDA@Ag shells with enhanced antibacterial
performance. Compared with previously work, in which either the interior or exterior of the
particles were decorated with bioactive Ag nanoparticles [12,13,19,22,25], our sandwich-
structured Ag@PDA@Ag shells exhibit an intense and lasting release of Ag ions, leading to
prolonged inhibition of bacterial growth in nutritious conditions. This enhanced bioactivity is
ascribed to the unique sandwich structure of the samples, in which the external Ag shells offer a
rapid and intense release of Ag ions because of the direct contact to the surroundings, while the
internal Ag shells provide a slow yet sustained release of Ag ions due to the obstruction of the
PDA shells. Based on their superior antibacterial activity and biocompatibility with cells, we
further employ these Ag@PDA@Ag shells in the in vivo treatment of bacterial infection. These
shells are found potently against the bacterial infection caused by methicillin-resistant
Staphylococcus aureus superbugs and enable to inhibit the biofilm formation. Our results represent
a useful paradigm for the construction of antibacterial materials with augmented functional
properties. With rational adaption, we believe that the designing concept of sandwich structure can
be generally applied for strengthening one particular feature of the materials, catering a variety of

practical extreme demands.
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Figure captions

Fig. 1. Synthesis and characterization of sandwich-structured Ag@polydopamine@Ag shells. a)

Synthesis of Ag@PDA@Ag shells, including: 1-PVP-assisted Ag nanoparticle decoration,

yielding sulfonated polystyrene@Ag nanoparticle core-shell particles, SPS@Ag; 2-PDA

encapsulation, SPS@Ag@PDA; 3-in situ reduction of [Ag(NH;),]" ions with PDA,

SPS@Ag@PDA@Ag; 4-SPS core removal, Ag@PDA@Ag. Transmission electron microscopy
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(TEM) observations b-f) and X-ray photoelectron spectroscopy characterizations g) of samples
from each step: b) SPS, c) SPS@Ag, d) SPS@Ag@PDA, e) SPS@Ag@PDA@Ag, and f)
Ag@PDA@Ag. h) Dark field TEM and energy-dispersive X-ray spectroscopy-based elemental
mapping analysis of Ag@PDA@Ag shells. Scale bars are 2 pm.

Fig. 2. Selective size control of inner and outer Ag nanoparticles. TEM observations of Ag@PDA
shells synthesized with different amounts of Ag precursors from a) Ag@PDA-i, 0.29 to b)
Ag@PDA-ii, 0.58, c) Ag@PDA-iii, 0.88, and d) Ag@PDA-iv, 1.17 mM; e) Size distributions of
Ag nanoparticles in samples a)-d); TEM and SEM observations of size tuning of the outer Ag
nanoparticles in Ag@PDA@Ag by altering the amount of Ag precursors from f) Ag@PDA@Ag-i,
0.6 to g) AgwPDA@Ag-ii, 1.20, and h) Ag@PDA@Ag-iii, 2.40 mM; Size distributions of outer
Ag nanoparticles in samples f)-h). The amount of Ag precursor used to construct the interior Ag
shells in f)-h) is 1.17 mM. For more details on the synthetic ingredients and sizes see Table S2.
Scale bars are 1 pm.

Fig. 3. Antibacterial evaluation and Ag+ ion release analysis of Ag-PDA nanocomposite shells.
Photographs of the incubation of shells (100 pg/mL) with a) Gram-negative Escherichia coli
ATCC 25922 and b) Gram-positive Staphylococcus aureus ATCC 29213 bacteria on Lysogeny
broth-agar plates; ¢) Bacterial growth in Mueller-Hinton broths with shells (100 pg/mL) as a
function of incubation time for ¢) E. coli and d) S. aureus.; €) Monitoring the concentration of Ag*
ions released from shells with time; f) Ag® ion release rate as a function of time. Note, the
concentrates of the shells are fixed at 100 pg/mL throughout all experiments. The details of the
shells are summarized in Table S2.

Fig. 4. In vitro hemolysis assay a) and cytotoxicity evaluation b) of Ag@PDA@Ag shells with rat

erythrocyte cells and C2C12 cells, respectively.
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Fig. 5. In vivo anti-bacterial infection experiments. Photographs of rat’s wounds created by
incising the skin taken on day 0, a-1) and b-1), and day 4 after infection by methicillin-resistant S.
aureus superbugs a-2) without and b-2) with treatment with Ag@PDA @Ag-iii shells (control and
treated batch, respectively). The insets are the incubated viable bacteria on LB-agar plates;
Representative SEM characterization of skin tissue from the control a-3) and the treated wound b-
3); Representative histological analysis of the tissue adjacent to the control and treated batch. Note

that the red arrows point out areas of inflammation (neutrophil cells).
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Fig. 1. Synthesis and characterization of sandwich-structured Ag@polydopamine@Ag shells. a)
Synthesis of Ag@PDA@Ag shells, including: 1-PVP-assisted Ag nanoparticle decoration,
yielding sulfonated polystyrene@Ag nanoparticle core-shell particles, SPS@Ag; 2-PDA
encapsulation, SPS@Ag@PDA; 3-in situ reduction of [Ag(NH;),]" ions with PDA,
SPS@Ag@PDA@Ag; 4-SPS core removal, Ag@PDA@Ag. Transmission electron microscopy
(TEM) observations b-f) and X-ray photoelectron spectroscopy characterizations g) of samples
from each step: b) SPS, ¢) SPS@Ag, d) SPS@Ag@PDA, ¢) SPS@Ag@PDA@Ag, and f)
Ag@PDA@Ag. h) Dark field TEM and energy-dispersive X-ray spectroscopy-based elemental

mapping analysis of Ag@PDA@Ag shells. Scale bars are 2 pm.
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Fig. 2. Selective size control of inner and outer Ag nanoparticles. TEM observations of Ag@PDA
shells synthesized with different amounts of Ag precursors from a) Ag@PDA-i, 0.29 to b)
Ag@PDA-ii, 0.58, ¢) Ag@PDA-iii, 0.88, and d) Ag@PDA-iv, 1.17 mM; e) Size distributions of
Ag nanoparticles in samples a)-d); TEM and SEM observations of size tuning of the outer Ag
nanoparticles in Ag@PDA@Ag by altering the amount of Ag precursors from f) Ag@PDA@Ag-i,
0.6 to g) Ag@wPDA@Ag-ii, 1.20, and h) Ag@PDA@Ag-iii, 2.40 mM; Size distributions of outer
Ag nanoparticles in samples f)-h). The amount of Ag precursor used to construct the interior Ag
shells in f)-h) is 1.17 mM. For more details on the synthetic ingredients and sizes see Table S2.

Scale bars are 1 pm.
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Fig. 3. Antibacterial evaluation and Ag+ ion release analysis of Ag-PDA nanocomposite shells.

Photographs of the incubation of shells (100 pg/mL) with a) Gram-negative Escherichia coli

ATCC 25922 and b) Gram-positive Staphylococcus aureus ATCC 29213 bacteria on Lysogeny
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broth-agar plates; c) Bacterial growth in Mueller-Hinton broths with shells (100 pg/mL) as a

function of incubation time for ¢) E. coli and d) S. aureus.; €) Monitoring the concentration of Ag"

ions released from shells with time; f) Ag® ion release rate as a function of time. Note, the

concentrates of the shells are fixed at 100 pg/mL throughout all experiments. The details of the

shells are summarized in Table S2. Data are means of three repeats, and error bars indicate standard

deviations.
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Fig. 4. In vitro hemolysis assay a) and cytotoxicity evaluation b) of Ag@PDA@Ag shells with rat

erythrocyte cells and C2C12 cells, respectively. Data are means of three repeats, and error bars

indicate standard deviations.
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Fig. 5. In vivo anti-bacterial infection experiments. Photographs of rat’s wounds created by

incising the skin taken on day 0, a-1) and b-1), and day 4 after infection by methicillin-resistant S.
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aureus superbugs a-2) without and b-2) with treatment with Ag@PDA@Ag-iii shells (control and
treated batch, respectively). The insets are the incubated viable bacteria on LB-agar plates;
Representative SEM characterization of skin tissue from the control a-3) and the treated wound b-
3); Representative histological analysis of the tissue adjacent to the control and treated batch. Note

that the red arrows point out areas of inflammation (neutrophil cells).
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