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Abstract

Objectives

Alloyed metallic nanoparticles of silver and copper are effective against intracellular infec-

tion. However, systemic toxicity may arise due to the non-specific delivery of the nanoparti-

cles. In addressing the issue, this study deals with the targeting of silver-copper-boron

(ACB) nanoparticles to infected osteoblasts, which could decrease systemic toxicity and

form the basis of targeting specific markers expressed in bone infections.

Methods

ACB nanoparticles were synthesized and conjugated to the Cadherin-11 antibody (OBAb).

The effect of targeting nanoparticles against extracellular and intracellular S. aureus was

determined by enumeration of bacterial growth. The binding of the targeting nanoparticles to

infected osteoblasts as well as the visualization of live/dead bacteria due to treatment was

carried out using fluorescence microscopy. MTT assay was used to determine the viability

of osteoblasts with different concentrations of the nanoparticles.

Results

The ACB nanoparticles conjugated to OBAb (ACB-OBAb) were effective against extracellu-

lar S. aureus. The ACB-OBAb nanoparticles showed a 1.32 log reduction of intracellular S.

aureus at a concentration of 1mg/L. The ACB-OBAb nanoparticles were able to bind to the

infected osteoblast and showed toxicity to osteoblasts at levels�20mg/L. Also, the percent-

age of silver, copper, and boron in the nanoparticles determined the effectiveness of their

antibacterial activity.

Conclusion

The ACB-OBAb nanoparticles were able to target the osteoblasts and demonstrated

significant antibacterial activity against intracellular S. aureus. Targeting shows promise

as a strategy to target specific markers expressed on infected osteoblasts for efficient
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nanoparticle delivery, and further animal studies are recommended to test its efficacy in

vivo.

Introduction

One of the most commonly associated pathogens with bone infection is Staphylococcus aureus
(S. aureus), and such infections clinically manifest in the form of osteomyelitis, orthopedic

prosthetic infections, and septic bacterial arthritis [1–6]. S. aureus infections result in foot

ulcers, which are common in immune-compromised diabetic patients due to hyperglycemia,

and chronic osteomyelitis may result in amputation of associated limbs [7,8]. Besides bone

infections, S. aureus can also cause gastrointestinal, respiratory, skin, blood-stream, and heart

(endocarditis) infections [9–11]. Such infections have resulted in increased health care costs as

well as high mortality and morbidity [12–14]. The front-line treatment strategy against S.

aureus associated bone infections includes antibiotics and surgery, but in recent years recur-

rence of infections has been witnessed due to the inefficacy of the current treatment strategies

[15,16]. Many causes result in such failures, with a major contributing factor being the indis-

criminate use of antibiotics leading to the emergence of multidrug-resistant S. aureus strains,
which are resistant to potent drugs like methicillin and vancomycin [17,18]. S. aureus can sur-

vive intracellularly and evade host immune response mechanisms [19–22]. The low intracellu-

lar bioavailability and cellular permeability of antibiotics also promote the antibiotic resistance

of intracellular pathogens [23,24]. The formation of a low metabolically active small colony

variant (SCV) S. aureus phenotype enables it to be less susceptible to antibiotics [25,26]. S.

aureus can also form biofilms that promote the survival and persistence of the pathogen in

harsh conditions and also provide antibiotic resistance by limiting antibiotic penetration

[27,28]. Thus, there is an urgent need for newer strategies/drugs that could effectively eradicate

biofilms and intracellular pathogens as well as counter the multidrug resistance of S. aureus.
Metallic nanoparticles (size range 1 to 100 nm) of silver, copper, and their alloys are known

to be antimicrobial against a wide range of infectious pathogens (bacteria, fungi, and viruses)

and are promising as antimicrobial agents against S. aureus infections [29–34]. Also, alloy

metallic nanomaterials with the combination of silver and copper (Ag-Cu) are found to be

more potent than individual silver (Ag) or copper (Cu) nanoparticles [29,35–37]. The

enhanced antimicrobial effect of bimetallic alloy Ag-Cu may be due to the synergistic release

of Ag+ and Cu2+ ions that cause DNA damage in bacteria [38,39]. Metallic nanoparticles have

a multimodal mechanism of antibacterial action, which also includes bacterial cell membrane

damage, intracellular damage, and induction of oxidative stress [40–43]. The metallic ions can

also penetrate the mammalian cells and thereby induce intracellular antimicrobial activity

[44–46]. Similar to metallic nanoparticles, compounds containing the metalloid boron also

exhibit antimicrobial properties [47–49]. Also, boron and its compounds have an anticorrosive

effect on the copper metal, preventing the formation of copper oxides [50,51]. Metallic copper

nanoparticles exhibit enhanced release of copper ions in solutions when compared to the cop-

per oxides [52]. In our previous studies, it has been shown that tri-elemental Silver-copper-

boron (ACB) nanoparticles are effective against extracellular and intracellular S. aureus both

in vitro and in vivo [38,53], however, an overdose could result in hepatotoxicity [54].

Targeting the therapeutic agent to the infection site may reduce systemic toxicity and dos-

age [55–57]. Surface functionalization and conjugation to specific targeting ligands enable the

effective delivery of the therapeutic agents to the infected site [56,58,59]. However, surface

modification of metallic nanoparticles with ligands or biomolecules may affect their antibacte-

rial property [60,61]. Cadherin-11 is the most abundant cadherin expressed by human
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osteoblasts [62,63] and was used as a targetable entity for our study. Many studies on the

antimicrobial activity of metallic nanoparticles against S. aureus have been reported. How-

ever, there are only limited reports on the targeting of antibacterial metallic nanoparticles

to the infected site. Hence, the objectives of this study were to target S. aureus infected oste-

oblasts using silver-copper-boron (ACB) nanoparticles, determine the efficacy of modified

nanoparticles against intracellular infection, and also to determine the nanoparticle toxic-

ity to osteoblasts. To fulfill the objectives, the antibacterial ACB nanoparticles were func-

tionalized with carboxylic groups and conjugated to the Cadherin-11 antibody or anti-

osteoblast cadherin antibody (OBAb) for targeting. The extracellular and intracellular anti-

bacterial activity was determined by incubating the targeting nanoparticles (ACB-OBAb)

with S. aureus and infected osteoblasts, respectively, followed by evaluating the optical den-

sity or CFU count. It is believed that this is the first study to report the targeting of infected

osteoblasts and the treatment of intracellular infection using OBAb conjugated ACB

nanoparticles.

Materials and methods

Materials

Silver Nitrate, Copper Acetate, Boric acid, Sodium Hydroxide (NaOH), 3-Mercaptopropionic

acid (MPA), 1-Ethyl-3-(3-dimethyl aminopropyl) carbodiimide (EDC), Tryptic Soy Agar,

Tryptic Soy Broth, Bovine serum albumin (BSA), Saponin, Hydrazine hydrate, Acetone, Abso-

lute ethanol, and Sodium Citrate were purchased from Sigma-Aldrich, USA. Dulbecco’s Modi-

fied Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) Phenol free Culture Media, Fetal

Bovine Serum, Sulfo-N-Hydroxysuccinimide, Phosphate Buffer Saline-pH 7.4 (PBS), DAPI

[1mg/mL] (62248), FITC (46425), Goat anti-Mouse IgG (H+L) Cross-Adsorbed Secondary

Antibody, Alexa Fluor 555 (A-21422) and Geneticin (G418 sulfate), Vybrant MTT assay kit

were purchased from Thermofisher Scientific, USA. Anti-Osteoblast Cadherin Antibody

[OBAb] (ab151446), rabbit anti-S. aureus antibody—FITC (ab68950), Goat Anti-Mouse IgG

H&L [Alexa Fluor 488] (ab150113), and Goat Anti-Mouse IgG H&L [Alexa Fluor 594]

(ab150116) were purchased from Abcam, USA.

Synthesis of ACB nanoparticles

The ACB (Ratio—Ag: ~60%, Cu: ~30%, B: ~10%) nanoparticles were synthesized as follows:

0.6mL of 0.1M Silver nitrate, 0.3mL of 0.1M Copper Acetate and 0.1mL of 0.1M Boric acid

was mixed in 3mL of deionized water and mixed vigorously for 5 min using a magnetic stirrer.

This solution was then added dropwise to a solution containing 1mL of 0.1M MPA, 2mL of

0.1M NaOH, 0.1mL of 0.1M NaBH4 and 3mL deionized water under stirring and inert argon

atmosphere for 5 min. This solution is added dropwise to a stirred solution containing 9.55mL

of deionized water, 250μL of 0.5M hydrazine hydrate, and 200μL of sodium citrate. The solu-

tion was kept stirring for 4 h under an inert atmosphere. The nanoparticles formed were pre-

cipitated using acetone and centrifuged at 4000 rpm. The nanoparticles were then washed

several times with absolute ethanol and centrifuged at 4000 rpm to collect the nanoparticles

and finally freeze-dried the nanoparticles. A similar procedure was used to synthesize different

ratios of ACB or AC and/or Copper alone nanoparticles. But the silver alone nanoparticles was

prepared using the sodium borohydride method in which instead of hydrazine hydrate, 0.5M

of sodium borohydride was added in the above procedure.
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Characterization of nanoparticles

The nanoparticles were suspended in deionized water and 10μL of nanoparticle was placed on

a copper grid coated with holey carbon and kept in a vacuum desiccator for drying. The size

and morphology of the nanoparticles were determined using Transmission Electron Micros-

copy, TEM (FEI, Talos F200X). The Energy Dispersive X-ray (EDX) installed on Talos F200X

was utilized to determine the distribution and percentage of the elements in the nanoparticles.

The Zetasizer (ZSP, Malvern, UK) was used to determine the hydrodynamic size and zeta

potential of the nanoparticles.

Functionalization (conjugation) of ACB with anti-osteoblast cadherin

antibodies

To 1mg of ACB nanoparticles in 100μL of MES buffer (pH 6), 100μL of 10mg/mL of EDC in

MES buffer was added mixed well and followed by the addition of 100μL of 26mg/mL Sulfo-

NHS in MES buffer. The reaction was allowed to proceed for 20 min, followed by the centrifu-

gation of activated nanoparticles in 10KDa MWCO (Nanosep, Pall, USA) at 8000 rpm. To the

activated ACB, 950μL of PBS was added, followed by the addition of 50μL of 1mg/mL OBAbs

for conjugation to the ACB nanoparticles. The percentage of OBAb conjugation was deter-

mined from the difference in the amount of unconjugated OBAb in the supernatant using the

Bradford protein assay and measuring the absorbance at 595nm in the spectrophotometer

(TECAN-SPARK). The conjugated nanoparticles were washed three times by centrifugation,

stored at 4˚C and used for the antimicrobial assay and further study. The ACB-OBAb and

ACB were incubated with Alexa fluor 488 goat anti-mouse IgG (secondary) for 2 h at room

temperature in the dark. The nanoparticles were washed with PBS by centrifugation, and the

fluorescence intensity (Ex: 495nm/Em: 519nm) was measured using a plate reader (TECAN--

SPARK, Austria). Fourier Transform Infrared (FTIR) was conducted on ACB and ACB-OBAb

using a Nicolet iS50 FT-IR spectrophotometer within the range of 4000–500 cm-1 to determine

the amide bonds of OBAb that get conjugated to ACB. The sample discs for FTIR measure-

ment were prepared using KBr.

Staphylococcus aureus culture

S. aureus (ATCC 29213, USA) strain was obtained from ATCC, cultured and maintained on

Tryptic Soy Agar (TSA) plates and the stock bacteria were stored in glycerol at -80˚C. Single S.

aureus colony was inoculated into tryptic Soy broth (TSB) and cultured overnight at 37˚C. The

overnight S. aureus culture was sub-cultured by inoculating 0.5mL of overnight culture in

4.5mL of fresh TSB and grown till the mid-log phase corresponding to an optical density of

0.4. The bacterial cells were centrifuged at 1500 rpm for 15 min and washed with PBS. The

bacterial cells were then inoculated in DMEM/F12 medium containing 10% FBS and were

used further for antimicrobial assay and osteoblast invasion assay. The growth of S. aureus in

DMEM/F12 has been shown in our previous studies38.

FITC labeling of S. aureus
S. aureus was grown overnight at 37˚C to achieve 108 CFUs/mL in 5 mL tryptic soy broth. The

culture was then washed in PBS (pH 7.4) and centrifuged at 2000 rpm. The pellet was resus-

pended in 5 mL of 100mM carbonate buffer (pH 9) containing 50 mg/L of FITC followed by 1

hincubation at room temperature. The FITC labeled S. aureus was centrifuged at 2000 rpm

and washed with PBS (pH 7.4) and stored in 1% glycerol at -80˚C until further use.
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Antimicrobial assay

The antimicrobial assay was conducted in a 24 well plate in which the wells were loaded with

1mL of DMEM/F12 (with 10% FBS) culture medium containing 1x105 CFU/mL of S. aureus.
The assay was conducted in triplicates and similar to a macro-dilution antimicrobial assay, the

bacteria were treated with varying concentrations of antibody conjugated or non-conjugated

ACB ranging from 0 (control) to 20 mg/L. The 24 well plate was incubated at 37˚C, and the

optical density was measured using a spectrophotometer (TECAN-SPARK, Austria) after 6 h

of incubation.

Intracellular antimicrobial assay

The human osteoblast (hFOB 1.19, ATCC CRL-11372) was obtained from ATCC and cultured

in Phenol free DMEM/F12 media with 10% FBS and 0.3mg/L of G418 as per ATCC recommen-

dations. 0.4 x 105 Osteoblast cells were seeded into a 48 well sterile tissue culture plate and cul-

tured overnight. The overnight cultured osteoblasts were washed 5 times with antibiotic-free

DMEM/F12 culture medium and then infected with S. aureus at a ratio of 10:1 (S. aureus: Oste-

oblast) for 90 min at 37˚C. The cells were then washed 3 times with antibiotic-free DMEM/F12

culture medium and incubated for 2 h in 1ml of DMEM/F12 medium containing 200 mg/L of

gentamicin to remove the extracellular S. aureus. After eradication of extracellular infection, the

osteoblast cells were washed three times with antibiotic-free medium, and the osteoblast cells

were treated with 1mL culture medium containing varying concentrations of ACB-OBAb or

ACB nanoparticles at 0, 2.5, 5, 10 and 20 mg/L and incubated for 24 h at 37˚C. The experiment

for each nanoparticle treatment concentration was carried out in a minimum of triplicates.

After incubation, the osteoblasts were trypsinized, washed, and lysed using lysis buffer (0.5%

Triton-X-100 in PBS) and serially diluted (10−1 to 10−7). 10 μL of each dilution was subjected to

spot dilution assay in a TSA plate and incubated overnight, and the bacterial CFUs formed in

each dilution were enumerated after overnight incubation.

Fluorescent microscopy

The internalization of S. aureus in osteoblasts was visualized using fluorescent microscopy.

The osteoblast cells (5 x 104 cells) were seeded on D-lysine coated glass-bottom (14mm) imag-

ing dishes (Mattek corporation) and cultured overnight at 37˚C. The osteoblasts were infected

with FITC labeled S. aureus at a ratio of 10:1 (S. aureus: Osteoblast) for 90 min. The infected

osteoblasts were treated with gentamicin and washed with antibiotic-free DMEM/F12 media,

as mentioned above in the intracellular antimicrobial assay. The infected osteoblasts were then

cultured in 1mL of antibiotic-free DMEM/F12 culture medium at 37˚C for 12 h, followed by

washing with PBS and fixing with 4% paraformaldehyde. The fixed cells were washed with

PBS, treated with DAPI followed by washing with PBS and visualized using fluorescent

microscopy.

For visualization of cadherin-11 expression, the infected osteoblasts with S. aureus (non-

FITC labeled) were fixed, blocked with blocking buffer (1% BSA containing 0.1% saponin in

PBS) and treated with anti-osteoblast cadherin antibody (OBAb) in antibody dilution buffer

(1% BSA, 0.1% saponin in PBS) and incubated at 4˚C overnight. The cells were washed with

PBS and treated with secondary Alexa Fluor 555 goat anti-mouse IgG in antibody dilution

buffer for 2 h, treated with DAPI, washed and visualized under the fluorescent microscope.

To determine the binding and uptake of ACB-OBAb using microscopy, osteoblast cells (5 x

104 cells) were cultured overnight on imaging dishes. The non-infected or infected osteoblasts

(prepared as in intracellular antimicrobial assay) were treated with 1mL DMEM/F12 medium

containing ACB-OBAb (10mg/L) and incubated at 37˚C for 24 h. The osteoblasts were washed
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with PBS, fixed and treated with the blocking buffer followed by secondary Alexa fluor 555

goat anti-mouse IgG (against ACB-OBAb) in antibody dilution buffer. For infected osteo-

blasts, FITC rabbit anti-S. aureus IgG was also added to detect internalized S. aureus along

with Alexa Fluor 555 goat anti-mouse IgG. The cells were incubated overnight at 4˚C, stained

with DAPI, and visualized employing fluorescent microscopy.

The antibacterial activity of ACB-OBAb on internalized S. aureus was determined using

live/dead staining. Osteoblast cells (5 x 104 cells) were seeded on D-lysine coated imaging

dishes and cultured overnight. The osteoblast cells were infected with S. aureus, treated with

gentamicin and washed with antibiotic-free DMEM/F12 culture medium, as mentioned above

in the Intracellular antimicrobial assay. Following eradication of extracellular bacteria, the

infected osteoblasts were treated with 5 mg/L of ACB-OBAb in 1mL of antibiotic-free DMEM/

F12 culture medium and were incubated for 24 h. After incubation, the osteoblasts were

washed 5 times with pre-warmed PBS to remove the extracellular S. aureus. The osteoblasts

were then treated with 0.05% Saponin in PBS for 15 minat 37˚C. The osteoblasts were washed

with PBS and stained with the Live/Dead Stain (Invitrogen, Catalog # L-7012) that consists of

two stains—Dye Syto9 (excitation 480nm/ emission 500nm) and Propidium iodide (excitation

535nm/ emission 617nm). The dyes were mixed in a 1:1 ratio, and 3μL of the dye mixture was

added to each well-containing 1mL of PBS and incubated for 10 minin the dark. The imaging

dishes were washed 3 times with pre-warmed PBS were visualized under a fluorescent micro-

scope to determine the live and dead internalized S. aureus.

MTT assay (cell viability)

Osteoblast cells (2 x 104) were seeded on 96 well culture plates and cultured in DMEM/F12 for

48 h at 33.5˚C followed by replacing with the culture medium with 200μL of varying concentra-

tions of ACB-OBAb or ACB nanoparticles at 0 (control), 1, 2.5, 5, 10 and 20 mg/L and incubated

for 48 h at 33.5˚C. The effect of each treatment concentration was studied in a minimum of trip-

licates. After 48 h of nanoparticle treatment, the culture medium was replaced with 100μL of

fresh culture medium followed by the addition of 10μL of 12mM MTT (3-(4,5-dimethylthiazol-

2-yl)-2,5-diphenyltetrazolium bromide) to each well and incubation at 37˚C for 4 h. 75μL of the

culture medium was removed, followed by the addition of 50μL of DMSO and thorough mixing

with the pipette. The cells were incubated at 37˚C for 10 min, followed by measuring the absor-

bance at 540nm, and cell viability was presented as percentage of control.

Statistical analysis

The results or data are presented as mean ± S.D. Graphpad Prism Software (Version 8.3) was

used to conduct out the statistical analysis. Comparisons between two groups were carried out

using Student’s t-test. A comparison between multiple groups was carried out using two-way

ANOVA with Dunnett’s multiple comparison test. The significance threshold was set at 0.05

for the statistical analysis.

Results

Synthesis and characterisation of ACB and ACB-OBAb

The tri-elemental silver-copper-boron (ACB) nanoparticles were synthesized using coprecipi-

tation reaction, the schematic representation of which is shown in Fig 1ia. The plasmon reso-

nance (Fig 1ib) of the alloy ACB nanoparticles had a maximum optical density at 476 nm,

determining the formation of alloy nanoparticles. The OBAb antibody was conjugated to the

ACB nanoparticles using EDC/NHS coupling (schematic representation, Fig 1ic). The line
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scan (Fig 1iia) obtained from High-Resolution TEM of ACB was used to determine the inter-

atomic distance, which was found to be approximately 0.22 nm and could be typically due to

alloy formation. The TEM image (Fig 1iib) of a single ACB demonstrated the formation of

spherical nanoparticles. The High-Resolution TEM of ACB nanoparticle is given in Fig 1iic.

Also, the Fast Fourier transform (FFT) image (Fig 1iid) of ACB demonstrated a crystalline

structure. The size distribution from the TEM and the hydrodynamic diameter size distribu-

tion obtained from Zetasizer are shown in Fig 1iie and 1iiia, respectively. The zeta potential

(Fig 1iiib) of the ACB and antibody conjugated ACB (ACB-OBAb) nanoparticles was deter-

mined to be -48.7 ± 5.96 mV and -34.6 ± 6.49 mV, respectively. The average size of ACB from

TEM was found to be 38 ± 9.9 nm and its hydrodynamic size was found to be 56 ± 0.64 nm

which are shown in Fig 1iiic. The EDS derived normalized atomic percentage (Fig 1iiid) of Ag

and Cu in the ACB nanoparticles was found to be 2:1, respectively. The elemental mapping of

the ACB nanoparticles utilizing Electron Dispersive X-ray Spectroscopy (EDS) was deter-

mined from the representative TEM (Fig 1iva) and STEM (Fig 1ivb) images which showed the

mapping of silver (Fig 1ivc), copper (Fig 1ivd), boron (Fig 1ive) and sulfur (Fig 1ivf). The EDS

spectrum (Fig 1ivg) shows the different elements present in ACB.

The conjugation of OBAb to ACB was also determined using FTIR (Fig 2a). The presence

of a peak at 1645 cm-1 is indicative of an amide bond due to OBAb [64,65]. The amount of

OBAb conjugated to ACB was determined using the Bradford assay. The standard curve of

bovine IgG is given in Fig 2b. 50μg of OBAb was used for the conjugation of 1mg of ACB, and

after the reaction, the supernatant contained 22μg of OBAb. It was determined that 28μg of

OBAb was conjugated per mg of ACB.

Fig 1. Characterization of nanoparticles. i(a) Schematic representation of the synthesis of ACB nanoparticles, i(b)

Plasmon resonance of ACB nanoparticles and i(c) Schematic representation of the conjugation of ACB nanoparticles

to anti-osteoblast cadherin antibodies. ii(a) Line scan for the interatomic distance from high-resolution TEM, ii(b)

TEM image of a single ACB nanoparticle, ii(c) High-resolution TEM of ACB nanoparticles, ii(d) Fast Fourier

Transform (FFT) image of the ACB nanoparticles and ii(e) Size distribution of the ACB nanoparticles. iii(a) Size

distribution by intensity measured using dynamic light scattering, iii(b) Zeta potential measurement of ACB and

ACB-OBAb, iii(c) Average size of ACB nanoparticles measured by TEM and Zetasizer and iii(d) Silver and copper

percentage in ACB nanoparticles determined using Energy Dispersive X-ray Spectroscopy (EDS). iv(a) TEM image of

ACB nanoparticles and ii(b) STEM image of ACB nanoparticles. iv(c), iv(d), iv(e) and iv(f) are the elemental mapping

for silver, copper, boron, and sulfur, respectively. iv(g) EDS spectrum of ACB nanoparticles.

https://doi.org/10.1371/journal.pone.0231276.g001
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Antibacterial activity against extracellular S. aureus
The antimicrobial activity of the synthesized nanoparticles was conducted by treating S. aureus
with different concentrations (mg/L) of metallic nanoparticles in DMEM/F12 medium and

measuring the optical density at 600nm. Antibacterial screening for the effect of the composi-

tion of the metallic nanoparticles by varying the concentration Ag, Cu and B was carried out.

It was found that the antibacterial effect increased in the following order: Tri-elemental Ag-

Cu-B (ACB) > Bimetallic Ag-Cu (AC) > monometallic nanoparticles Ag or Cu. The presence

of boron and the ratio of Ag to Cu affected the antibacterial activity. The tri-elemental Ag-Cu-

B (ACB 6-3-1) with the percentage of Ag, Cu and B at 60%, 30% and 10% respectively exhib-

ited the highest antibacterial effect in DMEM/F12 culture medium (Fig 3a). The minimum

inhibition concentration (MIC) was determined for the ACB, ACB-OBAb and gentamicin.

The MIC is the minimum concentration of the antimicrobial agent, which does not show any

significant increase in optical density at 600nm after 6 h of incubation. The MIC for ACB,

ACB-OBAb and gentamicin was found to be 2.5 mg/L, 5 mg/L and 1 mg/L, respectively.

Cadherin-11 expression and ACB-OBAb targeting using fluorescence

microscopy

The internalization of the FITC labeled S. aureus by osteoblasts was confirmed using fluores-

cence microscopy, as shown in Fig 4(d), 4(e) and 4(f). The Cadherin-11 expression was con-

firmed by fluorescence microscopy, as shown in Fig 4(g), 4(h) and 4(i). The targeting of

ACB-OBAb to non-infected osteoblasts is represented by the Fig 5(a)–5(d). The lower panel of

Fig 5(e)–5(i) represents the targeting of ACB-OBAb to infected osteoblasts. (S1 Fig. The bind-

ing of the ACB-OBAb to non-infected osteoblasts was shown by employing an AF-594 dye-

labeled goat anti-mouse IgG targeting the primary OBAb antibody).

Fig 2. Characterization of conjugation of OBAb to nanoparticles. (a) Fourier Transform Infrared Spectroscopy

(FTIR) of ACB and ACB-OBAb (Osteoblast cadherin antibody conjugated ACB nanoparticles), (b) Standard curve for

IgG determined using Bradford assay. The blue marker represents the concentration of non-conjugated OBAb in the

supernatant to determine the level of conjugation and (c) the fluorescent intensity of Alexa fluor 488 secondary

antibody (goat anti-mouse IgG) bound to ACB-OBAb measured using spectrofluorimetry and the study was carried

out in triplicates.

https://doi.org/10.1371/journal.pone.0231276.g002
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Intracellular antimicrobial activity of ACB and ACB-OBAb

The antibacterial activity of ACB and ACB-OBAb against intracellular S. aureus in osteoblasts

is shown in Fig 6. There was 2.2 log and 2.67 log decrease in internalized bacterial load for the

infected osteoblasts that were treated with 1 mg/L and 5 mg/L of ACB nanoparticles, respec-

tively, when compared to the control (0 mg/L). However, for the targeting ACB-OBAb nano-

particles, there was a 1.32 log and 2.16 log decrease in bacterial load at 1 mg/L and 5 mg/L

nanoparticle concentration, respectively. The difference in antibacterial activity between ACB

and ACB-OBAb could be due to the targeting nature of ACB-OBAb and the proportionality of

cadherin expression by osteoblasts. Both ACB and ACB-OBAb did not show any CFU forma-

tion or growth at a concentration of 10mg/L (not shown). (S2 Fig shows the 24 h treatment of

internalized bacteria with gentamicin which did not show any reduction in bacterial load

when compared to the control).

LIVE/DEAD staining of nanoparticle treated internalized S. aureus
The live/dead staining of S. aureus in infected osteoblasts treated with 5mg/L of ACB-OBAb is

shown in Fig 7(a), 7(b) and 7(c), which indicates a significant number of dead bacteria due to

nanoparticle treatment. The Fig 7(d), 7(e) and 7(f) show the live/dead staining of infected

Fig 3. Antibacterial activity of nanoparticles and gentamicin against S. aureus. (a) Screening for the extracellular

antibacterial activity of ACB nanoparticles (with varying ratios of Ag, Cu, and B). Each nanoparticle was tested in

triplicates (n = 3). Statistical analysis by 2-way ANOVA with Dunnett’s multiple comparison test. Each bar represents

the mean ± S.D. The statistical significance was compared to the non-treated (0 mg/L) group. ���� represents P

�0.0001, ��� represents P�0.001, �� represents P�0.01, � represents P�0.05 and ns represents>0.05. A t-test was

conducted between the antibacterial data sets of ACB (6-3-1) and ACB (4.5–4.5–1) at 2.5mg/L, which showed a

statistical significance of P�0.001 (���). The significance threshold was set at 0.05 for the 2way ANOVA and t-test. (b)

The antibacterial activity of gentamicin against extracellular S. aureus. (c) The antibacterial activity of ACB

nanoparticles against extracellular S. aureus. (d) The antibacterial activity of ACB-OBAb nanoparticles against S.

aureus. For images (b), (c), and (d), each bar represents the mean ± S.D. The statistical significance was compared to

the non-treated group using a t-test. The significance threshold was set at 0.05 for the t-test.

https://doi.org/10.1371/journal.pone.0231276.g003
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osteoblasts that are not treated with ACB-OBAb and indicate the presence of a high number of

live bacteria when compared to the treated infected osteoblasts. The Fig 7(g), 7(h) and 7(i) are

the control non-infected osteoblasts that do not indicate any bacterial presence when com-

pared to the infected osteoblasts. (S3 Fig represents the live/dead staining of internalized S.

aureus treated with 2.5mg/L of ACB-OBAb and the control which are the infected osteoblasts

not treated with ACB-OBAb).

MTT assay

The MTT assay helps to the viability of osteoblasts that were cultured with different concentra-

tions (0 to 30mg/L) of ACB and ACB-OBAb. The osteoblasts showed good viability for both

ACB (Fig 8a) and ACB-OBAb (Fig 8b) up to 10mg/L concentrations after 48 h of incubation.

The osteoblast viability decreased to 90% and 78% after treatment with 20mg/L of ACB and

ACB-OBAb, respectively. The viability was further reduced to 75% and 55%, when treated

with ACB and ACB-OBAb, respectively, at 30 mg/L concentration of nanoparticles.

Fig 4. S. aureus internalization and cadherin expression. Upper panel (scale 25μm)—Noninfected osteoblasts. (a)

Osteoblasts exhibiting autofluorescence. (b) Osteoblasts stained with DAPI (blue) and (c) Merged image of the non-

infected osteoblasts. Middle panel (scale 20μm)–S. aureus infected osteoblasts. The S. aureus bacteria were labeled with

FITC (green). (d) Osteoblasts with internalized S. aureus appear green, indicating internalization. (e) The infected

osteoblasts are stained with DAPI (blue). Osteoblasts nucleus as well as the S. aureus (small blue spots) were stained

with DAPI, which appear blue (f) Merged image of the infected osteoblasts. Lower Panel (scale 25μm)–Cadherin-11

expression by infected osteoblasts. Osteoblasts were treated with primary mouse anti-osteoblast cadherin antibodies

and counterstained using Alexa fluor 555 (AF555) labeled secondary goat anti-mouse IgG. (g) Osteoblast expressing

cadherin-11 labeled with AF555 secondary antibody (green). (h) Osteoblasts labeled with DAPI (blue). (i) Merged

image of g and h.

https://doi.org/10.1371/journal.pone.0231276.g004
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Fig 5. Internalization of ACB-OBAb by osteoblasts. Upper Panel (scale 20μm)—The binding of ACB-OBAb to

osteoblasts. (a) DIC image of osteoblast treated with ACB-OBAb. (b) ACB-OBAb stained (red) with AF555 secondary

goat anti-mouse IgG. (c) The ACB-OBAb treated osteoblasts treated with DAPI (blue). (d) Merged image of (b) and

(c) showing the binding of ACB-OBAb (red) binding to osteoblast. Lower Panel (scale 25μm)—The binding of

ACB-OBAb to infected osteoblasts. (e) DIC image of osteoblast treated with ACB-OBAb. (f) ACB-OBAb stained (red)

with AF555 secondary goat anti-mouse IgG. (g) The internalized S. aureus stained using FITC labeled anti-S. aureus
mouse IgG. (h) The infected osteoblasts treated with DAPI (blue). The S. aureus was also stained with DAPI besides

the osteoblast nucleus. (i) Merged image of f, g, and h, showing the binding of ACB-OBAb to infected osteoblasts.

https://doi.org/10.1371/journal.pone.0231276.g005

Fig 6. The antibacterial activity of ACB and ACB-OBAb against internalized S. aureus. Each bar represents the

mean ± S.D. Each nanoparticle treatment concentration against internalized bacteria was tested in a minimum of

triplicates. The statistical significance was compared to non-treated (0μg/mL) group) using a t-test. ���� represents P-

value�0.0001. The significance threshold was set at 0.05 for the t-test.

https://doi.org/10.1371/journal.pone.0231276.g006
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Discussion

Ag and Cu nanoparticles are efficient antibacterial agents against extracellular as well as inter-

nalized S. aureus as the Ag+, or Cu2+ ions can penetrate the mammalian cells [38,39]. Also, the

alloyed nanoparticles of silver and copper possess higher antibacterial activity than mono-

metallic silver or copper nanoparticles[29,35–37]. The increase in antibiotic resistance and the

non-permeability of antibiotics to mammalian cells are some of the problems faced by current

therapeutic strategies[17,18]. Hence alloyed metallic nanoparticles may become potential can-

didates for alternative therapy. The current challenges related to the use of metallic nanoparti-

cles is their toxicity and non-specific accumulation in different organs that were reported from

animal studies[53,54]. Our approach to reducing the toxicity is by targeting the metallic nano-

particles to the site of infection by conjugating the nanoparticles to targeting biomolecules.

In this study, tri-elemental ACB (Ag 60%, Cu 30% and B 10%) nanoparticles exhibited the

highest extracellular antibacterial activity (Fig 3a and 3c) when compared to bimetallic (Ag-

Cu) or monometallic (Ag or Cu) nanoparticles. The addition of a metalloid like boron to the

Ag-Cu nanoparticle structure significantly increased the antimicrobial property. The ratio of

silver and copper in the trielemental ACB also affected the antibacterial efficacy of the

Fig 7. Live/dead bacterial staining of infected osteoblasts. Propidium iodide (PI) (Ex 535/ Em 617) Syto 9 (Ex 485/

Em 498) Staining. Upper panel (Scale 20μm): S. aureus infected osteoblast treated with 5mg/L of ACB-OBAb. (a) PI

(red) staining showed dead intracellular S. aureus (small red spots). PI is not permeable to live cells. (b) Syto 9 (green)

staining which is taken up by both live and dead bacteria. (c) Merged image in which the orange-red spots indicate

dead bacteria. Middle Panel (Scale 25μm): Infected osteoblasts not treated with ACB-OBAb. (d) PI staining—small red

spots indicate dead bacteria, (e) Syto 9 staining in which the green spots indicate live bacteria. (f) Merged image of (d)

and (e). A higher number of live bacteria was seen in non-treated infected osteoblasts. Lower Panel (Scale 25μm)–

Control: Non-infected and not treated with ACB-OBAb. (h) PI stained osteoblasts. (i) Syto 9 stained osteoblasts. (h)

Merged image of (h) and (i), which does not show green or red spots of dead or live bacteria.

https://doi.org/10.1371/journal.pone.0231276.g007
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nanoparticles. The elemental analysis of the nanoparticles confirmed the presence of silver,

copper, boron and sulfur (Fig 1iv). Sulfur was detected due to the mercaptopropionic acid

used for capping ACB nanoparticles. FTIR and fluorescent spectrophotometry confirmed the

conjugation of OBAb to ACB. The MIC of ACB-OBAb was found to be 5mg/L (Fig 3d) which

is slightly higher than the non-conjugated ACB (MIC = 2.5mg/L, Fig 3c) for the extracellular

S. aureus. For the gentamicin control, the MIC was found to be 1mg/L (Fig 3b) which was bet-

ter compared to the metallic nanoparticles(Fig 3b); however, gentamicin is not effective against

intracellular infection, when compared to metallic nanoparticles.

Non-alloy, either Ag alone or Cu alone nanoparticles, are less effective than alloy Ag-Cu

nanoparticles. The synergistic effect of Ag and Cu may enhance the antibacterial activity of

Ag-Cu nanoparticles [29,35–37]. Silver ions induce reactive oxygen species that create alter-

ations in the bacterial compounds and also, silver ions bind to sulfur and oxygen of bacterial

molecules, thereby inhibiting bacterial growth. Copper ions induce hydroxyl radicals that

damage bacterial proteins and DNA [36]. Boron nanoparticles have been shown to be antibac-

terial [66] and boron has an anticorrosive effect on metals [51,52]. In our previous studies, it

was shown that Boron doped Ag-Cu nanoparticles were effective against both extracellular

and intracellular S. aureus infection [38,53]. The combined antimicrobial effect of the elements

Ag, Cu and B along with the controlled release of metallic ions due to anticorrosive boron may

enhance the overall effect of trielemental ACB nanoparticles.

Cadherin-11 is the most expressed cadherin in human osteoblasts [62,63]. The OBAb anti-

bodies conjugated to ACB target the extracellular domain of Cadherin-11 (Fig 4i) in osteoblast

cells. Incubation of ACB-OBAb nanoparticles with infected osteoblasts resulted in the binding

and internalization of the nanoparticles (Fig 5i). This demonstrated that our ACB-OBAb

nanoparticles were able to target the Cadherin-11 expressing infected osteoblasts. This method

of targeting could be used as a potential strategy to target infected osteoblasts by employing

specific biomarkers that are expressed due to infection. Both the non-conjugated and ACB-O-

BAb nanoparticles were able to reduce the bacterial load of infected osteoblasts after 24 h of

infection. Non-conjugated ACB nanoparticles resulted in 2.24 log reduction, whereas ACB-O-

BAb nanoparticles caused 1.32 log reduction of S. aureus at a treatment concentration of 1mg/

Fig 8. MTT assay. The cytotoxicity of (a) ACB to osteoblasts (b) ACB-OBAb to osteoblasts. Each bar represents the

mean ± S.D. The cytotoxicity of each nanoparticle concentration to osteoblast was carried out in a minimum of

triplicates. Each treatment concentration was compared to the control (0 mg/L) using a t-test with Welch’s correction.
���� represents P-value�0.0001, ��� represents P-value�0.001, �� represents P-value�0.01 and “ns” represents non-

significant. The significance threshold was set at 0.05 for the t-test.

https://doi.org/10.1371/journal.pone.0231276.g008
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L (Fig 6) and the difference in antimicrobial activity may be due to the ACB-OBAb internaliza-

tion which is proportional to the expression of Cadherin-11. This receptor-based internaliza-

tion of nanoparticles depicts that overexpression of disease-based receptors will cause more

internalization of nanoparticles and hence will enhance the therapeutic efficiency.

To make sure that the reduction in infection observed is solely by the effect of nanoparticles

and not due to the killing of the infected osteoblast cells, the MTT viability assay did not show

toxicity to osteoblasts at doses�20mg/L after 48 h of incubation. This can be compared with

the biocompatibility of silver based nanoparticles that showed lower toxicity to mammalian

cells that were tested using MTT assay [43,67]. Hence the reduction in infection is due to the

targeted nanoparticles via cadherin-11. The ACB-OBAb nanoparticles showed higher toxicity

to osteoblasts at 20mg/L and 30mg/L when compared to non-conjugated ACB. This could be

due to the targeting of ACB-OBAb to osteoblasts, which results in the accumulation of the

nanotherapeutics in the infected cells or at the infected site [68,69]. However, the intracellular

ACB-OBAb showed a significant reduction in intracellular osteoblast infection at 1mg/L (1.32

log reduction), which is 20 times lesser than the toxic dose we found against osteoblasts.

In summary, the composition of the nanoparticles played an essential role in the antibacte-

rial activity. ACB alloy nanoparticles were more effective than bimetallic alloyed (Ag-Cu) or

monometallic (Ag or Cu) nanoparticles. This study demonstrated that ACB-OBAb nanoparti-

cles were able to target the osteoblasts and significantly reduce the internalized infection in
vitro and paves the way for future studies in animal models utilizing specific targeting strategy

whereby a specific biomarker expressed in infected osteoblasts could be targeted to increase

targeted delivery of therapeutic levels of nanoparticles.
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32. Slavin YN, Asnis J, Häfeli UO, Bach H. Metal nanoparticles: Understanding the mechanisms behind

antibacterial activity. J Nanobiotechnology. 2017 Oct 3; 15(1):65. https://doi.org/10.1186/s12951-017-

0308-z PMID: 28974225

33. Hamida RS, Abdelmeguid NE, Ali MA, Bin-Meferij MM, Khalil MI. Synthesis of Silver Nanoparticles

Using a Novel Cyanobacteria Desertifilum sp. extract: Their Antibacterial and Cytotoxicity Effects. Int J

Nanomedicine [Internet]. 2020 Jan [cited 2020 Jan 14]; Volume 15:49–63. Available from: https://www.

dovepress.com/synthesis-of-silver-nanoparticles-using-a-novel-cyanobacteria-desertif-peer-reviewed-

article-IJN

34. Shanmuganathan R, Karuppusamy I, Saravanan M, Muthukumar H, Ponnuchamy K, Ramkumar VS,

et al. Synthesis of Silver Nanoparticles and their Biomedical Applications—A Comprehensive Review.

Curr Pharm Des. 2019 Jul 9; 25(24):2650–60. https://doi.org/10.2174/1381612825666190708185506

PMID: 31298154

35. Wang X, Li R, Li Z, Xiao R, Chen XB, Zhang T. Design and preparation of nanoporous Ag-Cu alloys by

dealloying Mg-(Ag,Cu)-Y metallic glasses for antibacterial applications. J Mater Chem B. 2019; 7

(26):4169–76.

36. Rousse C, Josse J, Mancier V, Levi S, Gangloff SC, Fricoteaux P. Synthesis of copper-silver bimetallic

nanopowders for a biomedical approach; Study of their antibacterial properties. RSC Adv. 2016; 6

(56):50933–40.

37. Perdikaki A, Galeou A, Pilatos G, Karatasios I, Kanellopoulos NK, Prombona A, et al. Ag and Cu Mono-

metallic and Ag/Cu Bimetallic Nanoparticle-Graphene Composites with Enhanced Antibacterial Perfor-

mance. ACS Appl Mater Interfaces [Internet]. 2016 Oct 19 [cited 2019 Dec 20]; 8(41):27498–510.

Available from: https://pubs.acs.org/doi/10.1021/acsami.6b08403 PMID: 27680975

38. Qadri S, Abdulrehman T, Azzi J, Mansour S, Haik Y. AgCuB nanoparticle eradicates intracellular S.

aureus infection in bone cells: in vitro. Emergent Mater. 2019 Jun; 2(2):219–31.

39. Taner M, Sayar N, Yulug IG, Suzer S. Synthesis, characterization and antibacterial investigation of sil-

ver-copper nanoalloys. J Mater Chem. 2011 Sep 21; 21(35):13150–4.

40. Roy A, Bulut O, Some S, Mandal AK, Yilmaz MD. Green synthesis of silver nanoparticles: Biomolecule-

nanoparticle organizations targeting antimicrobial activity. Vol. 9, RSC Advances. Royal Society of

Chemistry; 2019. p. 2673–702.

41. Shaikh S, Nazam N, Rizvi SMD, Ahmad K, Baig MH, Lee EJ, et al. Mechanistic Insights into the Antimi-

crobial Actions of Metallic Nanoparticles and Their Implications for Multidrug Resistance. Vol. 20, Inter-

national journal of molecular sciences. NLM (Medline); 2019. p. 2468.

42. Alkawareek MY, Bahlool A, Abulateefeh SR, Alkilany AM. Synergistic antibacterial activity of silver

nanoparticles and hydrogen peroxide. Signore G, editor. PLoS One [Internet]. 2019 Aug 8 [cited 2020

Jan 15]; 14(8):e0220575. Available from: http://dx.plos.org/10.1371/journal.pone.0220575 PMID:

31393906

43. Shanmuganathan R, MubarakAli D, Prabakar D, Muthukumar H, Thajuddin N, Kumar SS, et al. An

enhancement of antimicrobial efficacy of biogenic and ceftriaxone-conjugated silver nanoparticles:

green approach. Environ Sci Pollut Res. 2018 Apr 1; 25(11):10362–70.

44. Liao C, Li Y, Tjong SC. Bactericidal and cytotoxic properties of silver nanoparticles. Int J Mol Sci. 2019

Jan 2; 20(2):449.

45. Perde-Schrepler M, Florea A, Brie I, Virag P, Fischer-Fodor E, Vâlcan A, et al. Size-Dependent Cytotox-
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