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Abstract

Bacterial infection has evolved into one of most dangerous global health crises. Designing potent 

antimicrobial agents that can combat drug-resistant bacteria is essential for treating bacterial 

infections. In this report, we developed a strategy to graft metallopolymer-antibiotic bioconjugates 

on gold nanoparticles as an antibacterial agent to fight against different bacterial strains. Thus, 

these nanoparticle conjugates combined various components in one system to display enhanced 

bactericidal efficacy, in which small sized nanoparticles provide high surface area for bacteria to 

contact, cationic metallopolymers interact with the negatively-charged bacterial membranes, and 

β-lactam antibiotics are improved their sterilization capabilities via evading intracellular 

enzymolysis by β-lactamase. This nanoparticle-based antibiotic-metallopolymer system exhibited 

excellent broad-spectrum antibacterial effect, particularly for Gram-negative bacteria, due to the 

synergistic effect of multi-components on the interaction with bacteria.
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Metallopolymer-antibiotic bioconjugates on gold nanoparticles are synthesized by a “grafting-

to” approach and a bioconjugation process. These nanoparticles can be used as antibacterial agents 

to enhance the activity of β-lactam antibiotics and fight against different strains of Gram-positive 

and Gram-negative bacteria.

1. Introduction

Bacterial infection is one of the most dangerous health crises the word is facing. The 

consequences includes increased healthcare cost, destruction of local tissues, patient 

disability, morbidity, and even death.1-3 According to a study on antimicrobial resistance in 

2014,4 bacterial infections currently cause at least 50,000 deaths annually across the US and 

Europe, with significantly higher numbers in other areas. If more-effective strategies are not 

taken to prevent and treat bacterial infections, it has been predicted that by 2050 infections 

could claim 10 million lives with costs approaching $100 trillion (USD) dollars worldwide.5 

However, commonly-used antibiotics, such as penicillin and methicillin, have diminished 

antimicrobial efficacies and/or are ineffective against numerous multidrug-resistant (MDR) 

bacterial pathogens because of overuse of these drugs for so many years. 5, 6 Therefore, 

resurrecting the activity of conventional antibiotics or designing other potential antibacterial 

compounds that combat drug-resistant bacteria is essential for treating bacterial infections.
7, 8

In recent years, cationic compounds and polymers,9-11 such as quaternary ammonium,12-14 

phosphonium compounds,15 and peptides,16, 17 have garnered a great deal of attention as 

antimicrobial agents because of their ability to adsorb onto the negatively-charged bacterial 

cell surfaces and to insert their hydrophobic groups into membranes to combat bacteria. But 

many of these antibacterial compounds showed cytotoxicity on mammalian cells and could 

induce apoptosis via physical damage, thus limiting their clinic applications. 10 Recently, we 

reported a class of non-cytotoxic antimicrobial cationic metallopolymers,18, 19 which could 

form bioconjugates with conventional β-lactam antibiotics, such as penicillin, amoxicillin 

and cefazolin, via unique ion-pairs between cationic metallocenium moieties and 

carboxylate anions. The bioconjugates efficiently protected β-lactam antibiotics from 

hydrolysis by a β-lactamase enzyme in bacteria and lysed different strains of methicillin-

resistant Staphylococcus aureus (MRSA).

Compared with antibiotic molecules or polymers, nanoparticles (NPs) offer the possibility to 

attain better bactericidal and therapeutic effects because of their unique physical properties.
20-23 For instance, the size of NPs is very small (<100 nm), which can improve their ability 

to penetrate membranes of bacteria (>1μm) and penetrate bacteria easily.24-27 The high 
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surface area of NPs favors high loading capacity of small molecular antibiotics, increasing 

the enrichment of antibiotics in the target bacteria.28-31 The inherent features of gold 

nanoparticles (Au NPs) provide advantages of small size, large surface area, straightforward 

surface modification by thiols and amines, not being the substrate of bacterial efflux pumps, 

and the safety approval by U.S. FDA, which allow Au NPs to be useful as antibacterial 

agents.32-39

Herein, we developed a strategy to fight against different strains of Gram-positive and Gram-

negative bacteria by presenting metallopolymer-antibiotic bioconjugates on gold 

nanoparticles as an antibacterial agent to further enhance the activity of conventional β-

lactam antibiotics. A variety of characterization techniques, including transmission electron 

microscopy (TEM), dynamic light scattering (DLS), thermal gravimetric analysis (TGA), 

Zeta-potential analysis, UV-visible spectra, and 1H NMR spectra, were performed 

systematically to determine the formation of Au@PCo NPs (cobaltocenium polymers 

coating on Au NPs). After bio-conjugating with β-lactam antibiotics penicillin-G, the 

Au@PCo-Peni NPs showed enhanced antibacterial efficacy on both Gram-positive and 

Gram-negative bacteria, compared with PCo-Penicillin conjugates and penicillin-G alone. 

Confocal laser scanning microscopy (CLSM), scanning electron microscopy (SEM) and 

TEM indicated that Au@PCo-Peni NPs can penetrate bacteria membranes and destroy their 

permeability, causing the bacterial death.

2. Results and discussion

The cationic cobaltocenium homopolymer (PCo) was first synthesized via reversible-

addition fragmentation chain transfer (RAFT) polymerization40, 41 using 2-cobaltocenium 

amidoethyl methacrylate hexafluorophosphate (CoAEMAPF6) as a monomer and 2-

Cyano-2-propyl benzodithioate (CPB) as a chain transfer agent (CTA) (Scheme 1a). The 

PCo homopolymer showed excellent water-solubility after its ligand exchanging from from 

PF6
− to Cl− using tetrabutylammonium chloride (TBACl) as a phase-transfer ion-exchange 

reagent.42 Then, the dithioester end groups of RAFT agent in PCo polymer were reduced to 

thiol groups by NaBH4 in aqueous media at ambient temperature. The thiol end-capped PCo 

could be coated on Au-NPs to form Au@PCo nanoparticles by a “grafting-to” approach.43 

Finally, a bioconjugate between cationic PCo and anionic β-lactam antibiotics such as 

penicillin-G could prevent the hydrolyzation of β-lactam by β-lactamase(s) and thus 

improve the sterilization capability of antibiotics.

Compared with 1H NMR spectrum of CoAEMAPF6 monomer (Figure S1a), the vinyl proton 

signals from methacrylate double bond at ∼6.10 and ∼5.70 ppm disappeared in PCo 

polymers (Figure S1b). Meanwhile, the three peaks at ∼6.25 to ∼5.80 ppm corresponding to 

the cyclopentadienyl (Cp) rings of the cobaltocenium unit remained, indicating the 

successful polymerization of cobaltocenium monomer. The NMR spectra were further used 

to track the conversation of CoAEMAPF6 monomer during the polymerization process and 

determine the final molecular weight of PCo homopolymers. Three PCo homopolymers with 

different molecular weights, respectively, 6,000 g/mol (noted as PCo-6K), 15,000 g/mol 

(PCo-15K), 30,000 g/mol (PCo-30K), were finally synthesized.
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Au NPs were prepared using chloroauric acid as the precursor, 

tetrakis(hydroxymethyl)phosphonium chloride (THPC) as the reducing agent which could 

produce ultrafine gold particles.44 TEM and DLS showed the diameter of Au NPs was about 

2-3 nm (Figure 1a and S2). After coating PCo polymers with different molecular weight, we 

obtained three sets of Au@PCo NPs (referred to as Au@PCo-6K, Au@PCo-15K and 

Au@PCo-30K). TEM images indicated all Au@PCo NPs had good dispersions (Figure 1b-

d). As expected, the size of Au@PCo NPs increased to ~4 nm (Au@PCo-6K), 6 nm 

(Au@PCo-15K) and 9 nm (Au@PCo-30K), respectively, with the increase of molecular 

weight of PCo polymers. DLS analysis further confirmed the increased sizes of Au@PCo 

NPs under different polymer molecular weight as shown in Figure S2. The successful 

surface functionalization of gold nanoparticles with cationic cobaltocenium ligands was also 

analyzed by Zeta-potential analysis, UV-vis spectra and 1H NMR spectra. Compared to the 

negative zeta potential of Au NPs at −26 eV, the potential of Au@PCo NPs increased to 

about +40 eV (Figure S3). The UV-visible absorption of Au NPs only had a broad shoulder 

under the ultraviolet region, while the spectrum of Au@PCo NPs showed an obvious 

absorption peak of cobaltocenium polymer at 280 nm (Figure S4). The three characteristic 

peaks from ∼6.25 to ∼5.80 ppm corresponding to the Cp rings of cobaltocenium were also 

found in the 1H NMR spectrum of Au@PCo NPs (Figure S5), indicating the successful 

grafting of cobaltocenium polymers onto Au NPs. Thermal gravimetric analysis (TGA) data 

suggested that the weight percentage of cobaltocenium polymers in the Au@PCo NPs is 

about 43% (Au@PCo-6K), 38% (Au@PCo-15K), and 27% (Au@PCo-30K), respectively 

(Figure S6).

We first evaluated antimicrobial activities of Au NPs, PCo and Au@PCo NPs against Gram-

positive bacteria S. aureus and Gram-negative bacteria K. pneumonia using disk-diffusion 

assays. The inhibition zone was examined to verify the bactericidal of these antimicrobial 

agents by measuring the diameter of the clear zone around the disk with a vernier caliper. As 

expected, Au NPs alone could not inhibit the proliferation of S. aureus and K. pneumonia 
even at high concentration (Figure S7). Compared with PCo-15K homopolymers, the 

Au@PCo-15K NPs showed significantly enhanced activities against both S. aureus (Figure 

S7a) and K. pneumonia at different concentrations (Figure S7b). However, there was more 

significant molecular weight-dependent response on bacterial proliferation for PCo 

homopolymers than that for the Au@PCo NPs. For example, the PCo-15K homopolymers 

displayed the biggest inhibition zone against both S. aureus (Figure S7c) and K. pneumonia 
(Figure S7d) compared with PCo-6K and PCo-30K homopolymers. While the 

Au@PCo-15K NPs also exhibited the highest antimicrobial activity, the difference of 

activities among these three Au@PCo NPs was very small, especially for Gram-negative 

bacteria K. pneumonia. The minimum inhibitory concentration (MIC) values of cationic 

cobaltocenium polymers (PCo) and Au@PCo NPs with different molecule weight of 

cobaltocenium polymers against Gram-positive S. aureus and Gram-negative K. pneumonia 
are summarized in Table S1 in supporting information. As for S. aureus, the MIC value of 

PCo-15K was about 100 μg/mL, which is much lower than the values of PCo-6K (136 

μg/mL) and PCo-30K (121 μg/mL). Furthermore, the MICs of Au@PCo-15K NPs against S. 
aureus decreased to 58 μg/mL, in comparison to 95 μg/mL for Au@PCo-6K NPs and 76 

μg/mL for Au@PCo-30K NPs. For K. pneumonia, the Au@PCo-15K NPs has the lowest 
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MIC value of 49 μg/mL, which was a little lower than that of Au@PCo-6K NPs (53 μg/mL) 

and Au@PCo-30K NPs (61 μg/mL).

In order to further enhance the antimicrobial activity of Au@PCo NPs, we then chose 

penicillin-G as a model β-lactam antibiotic to study its bioconjugate with Au@PCo-15K 

NPs (labeled as Au@PCo-Peni), which was easily formed via ionic complexation between 

anionic carboxylate ions of penicillin-G and cationic cobaltocenium moiety of PCo in 

Au@PCo NPs. TGA data (Figure S8) suggested that the weight percentage of penicillin-G 

in the Au@PCo-Peni NPs was about 27%, with a molar ratio of penicillin-G to 

cobaltocenium at ~ 0.8:1. The sterilization capability of Au@PCo-Peni bioconjugates were 

evaluated against different strains of bacteria including one Gram-positive bacterium (S. 
aureus) and three Gram-negative bacteria (E. coli, K. pneumoniae and P. aeruginosa) by 

disk-diffusion assays. A bioconjugate containing polycobaltocenium homopolymer (15,000 

g/mol) and penicillin-G (i.e. PCo-Peni, with 30wt% penicillin-G) was used as a control 

group. Initially, various amount of penicillin-G ranging from 5 μg to 15 μg was tested. As 

shown in Figure 2a, penicillin-G at the amount of 5 μg displayed minimal efficacy in killing 

Gram-negative bacterium S. aureus. By contrast, PCo-Peni and Au@PCo-Peni 

bioconjugates exhibited higher antibacterial efficacy at the same amount of penicillin-G, 

with the inhibition zone increasing to 11 mm and 14.5 mm, respectively. As expected, the 

antibacterial efficacy of penicillin-G, PCo-Peni, and Au@PCo-Peni significantly increased 

with the adding amount of penicillin-G. When the amount of penicillin-G increased to 10 

and 15 μg, the inhibition zone of Au@PCo-Peni increased to 19 and 21 mm, respectively, 

which were both bigger than penicillin-G (9.5 and 15 mm) and PCo-Peni (15 and 20 mm). 

For Gram-negative bacteria, penicillin-G showed much lower antimicrobial activity as 

compared to Gram-positive bacteria. As shown in Figure 2a ii-iv, it is hardly to see clear 

inhibition zone for 10 μg penicillin-G against all three Gram-negative bacteria. This is 

because Gram-negative bacteria possessed two different cell membranes, which would block 

the entry of antibiotics into bacteria via a series of protection mechanisms. Using 

nanoparticles as antimicrobial agents could increase the permeability of bacterial 

membranes and enhance antimicrobial activity against Gram-negative bacteria. As shown in 

Figure 2a, Au@PCo-Peni NPs exhibited the strongest antimicrobial activities against all 

three Gram-negative at different amount of penicillin-G.

To better quantify the inhibition efficacy of Au@PCo-Peni NPs, bacteria were incubated 

with different antimicrobial agents in tryptic soy broth (TBS) solution for 8 h. Then, 

bacterial growth was detected with OD600 (Figure 2b) and inhibitory percentages (Figure 2c) 

were calculated, compared to the control groups, which were TSB solutions of four different 

bacteria without any antimicrobial agents. As for S. aureus, the OD600 value of Au@PCo-

Peni NPs was only 0.03, which was approximately 55 times lower than that of the control 

(1.65), 13 times lower than penicillin-G (0.39), and 8 times lower than PCo-Peni (0.25), 

respectively (Figure 2b). The inhibitory efficiency of Au@PCo-Peni against S. aureus 
increased to 98.5% from 84.5% (PCo-Peni) and 76.8% (the control) (Figure 2c). The similar 

antibacterial trends and inhibitory efficiency were also found for other Gram-negative 

bacteria, which was consistent with the results from the disk-diffusion assays. Table 1 

showed the MIC values of Au@PCo-Peni NPs, PCo-Peni conjugates and penicillin-G 

against these four different bacteria. All MIC values of Au@PCo-Peni NPs and PCo-Peni 
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conjugates were calculated based on the effective penicillin concentration in their 

conjugates. The MIC value of Au@PCo-Peni NPs was about 2.6 μg/mL against gram-

positive S.aureus, which was much lower than the values of penicillin-G (15.8 μg/mL) and 

PCo-Peni conjugates (6.4 μg/mL). Furthermore, MIC values of Au@PCo-Peni NPs against 

Gram-negative bacteria were almost 4~5 times and 2~3 times less than that of penicillin-G 

and PCo-Peni conjugates, respectively.

The kinetics of antibacterial activity of Au@ PCo-Peni NPs was investigated. The aqueous 

Au@ PCo-Peni NPs solution (30 μL) with the concentration of MIC was added to 96-well 

plates. All assays were carried out in duplicate from the same assay plate. Then, 170 μL 

bacterial TSB solution (OD600=1.00) was added to the wells. The bacterial TSB solution 

without conjugates was used as the control. The OD600 values of bacterial solution were 

checked at a time interval of 0 h, 1 h, 2 h, 4 h, 6 h, 8 h, 12h, and 24 h. As shown in Figure S9 

in supporting information, Au@ PCo-Peni NPs killed bacteria almost instantaneously, which 

can be seen by the reduction of OD600 values from 1.0 to 0.88 after 1 h, while OD600 values 

of bacteria in the control group increased to 1.1. The remarkable antimicrobial efficiency 

happened between 4 h and 12h, with OD600 values significantly decreasing to 0.2 for both S. 
aureus and E. coli. The bacteria could be completely killed in 24 h.

The inhibition effects of Au@PCo-Peni NPs against the four strains of bacteria were further 

visualized by confocal laser scanning microscopy (CLSM), scanning electron microscopy 

(SEM) and transmission electron microscopy (TEM). The bacteria were firstly stained by 

LIVE/DEAD BacLight dye (Bacterial Viability Kit; Invitrogen Inc.) and then checked their 

viability via CLSM (Figure 3a). The results of CLSM indicated the Au@PCo-Peni NPs 

almost killed all bacteria, with CLSM micrographs exhibiting strong yellow or red 

fluorescence from dead bacteria, however, the strong green fluorescence standing for live 

bacteria was observed in control groups. From FESEM images (Figure 3b), we found the 

bacterial membranes were disrupted totally by Au@PCo-Peni NPs, producing lots of cell 

fragments and shrunken dead cells, while the bacteria in control groups displayed an 

integrated rod or spherical morphology with a smooth surface. TEM further showed 

Au@PCo-Peni NPs aggregated around bacterial membranes and could penetrat bacteria, 

making the outer bacterial membranes destroyed, while the control bacterial cells kept intact 

and smooth surfaces. (Figure 5). All these studies suggested the Au@PCo-Peni NPs have 

excellent antimicrobial efficiency against broad-spectrum bacteria.

The high bactericidal ability of Au@PCo-Peni NPs was mainly due to the synergistic effect 

of three aspects: i) the cationic cobaltocenium motif can interact with the negatively-charged 

bacterial membrane, making Au@PCo-Peni NPs attach to the surface of bacteria more 

closely; ii) the small sizes of Au@PCo-Peni NPs provided larger bacterial contact area to 

enhance their permeability into membranes and penetrate bacteria more easily; iii) once NPs 

enter bacterial cells, the cobaltocenium motif would release penicilin-G and bind β-

lactamase, which can block the electrostatic chelation between penicillin-G and amino acid 

residue of β-lactamase, preventing the hydrolyzation of β-lactam in penicilin-G by β-

lactamase(s) in bacteria and thus improving the sterilization capability of penicilin-G. 

Finally, the toxicity of Au@PCo NPs was analyzed on red blood cells (RBCs) by evaluating 

their capability to cause hemolysis of RBCs. Compared with the negative control group 
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(Triton 10X), the Au@PCo NPs rarely led to the lysis of RBCs (< 10%), even at a high 

concentration of 500 μg/mL (Figure S10), suggesting low cytotoxicity to mammalian cells.

3. Conclusions

We have developed a strategy to attach metallopolymer-antibiotic bioconjugates on gold 

nanoparticles as an antibacterial agent to fight against different strains of Gram-positive and 

Gram-negative bacteria. The thiol end-capped cobaltocenium polymers could be easily 

coated on Au nanoparticles to form Au@PCo NPs by a “grafting-to” approach. After bio-

conjugating with an anionic β-lactam antibiotic penicillin-G, the formed cationic Au@PCo-

Peni NPs with a small size and a large contact area can attach to the membranes of bacteria 

more closely, improve the vitality of penicillin-G and kill bacteria more effectively. We hope 

these multifunctional metallopolymer-based nanoparticles could be further explored in 

combating clinic infections by the pathogens resistant to conventional antibiotics.

4. Experimental section

Characterization:
1H NMR spectra were carried out on a 400 MHz NMR spectrometer (Varian Mercury) using 

tetramethylsilane (TMS) as an internal reference. Dynamic light scattering (DLS) and Zeta-

potential were recorded on a Nano-ZS instrument, model ZEN 3600 (Malvern Instruments). 

UV–vis spectra were operated on a UV-2450 spectrophotometer (Shimadzu) using a 

monochromatic light of various wavelengths over a range of 190–900 nm as light source and 

a 10.00 mm quartz cuvette as test vessel. Field-Emission Scanning Electron Microscopy 

(FE-SEM, Zeiss UltraPlus) was used to take images of bacterial cells after incubating 

overnight with test drugs. The samples were firstly coated with gold using Denton Dest II 

Sputter Coater for 45 s and then observed by SEM. A Hitachi 8000 transmission electron 

microscope (TEM) was applied to take images at an operating voltage of 150 kV. TEM 

samples were prepared by dropping solution on carbon-supported copper grids and then 

dried before observation.

Materials and Methods:

The monomer 2-Cobaltoceniumamidoethyl methacrylate hexafluorophosphate 

(CoAEMAPF6) was prepared according to our earlier report.40 2-Aminoethyl methacrylate 

hydrochloride (90%), 4-(dimethylamino) pyridine tetrabutylammonium chloride (TBACl), 

and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC-HCl, 98%) 

were purchased from Sigma Aldrich and used as received. 

Tetrakis(hydroxymethyl)phosphonim chloride (referred to hereafter as THPC) was an 80% 

aqueous solution (practical grade) from Fluka, chloroauric acid (hydrogen 

tetrachloroaurate(III)) was from Johnson Matthey, assayed at 49.42 %. All the bacteria were 

obtained from ATCC company: Staphylococcus aureus (S. aureus, ATCC-33591), 

Escherichia coli (E. coli, ATCC-11775), Klebsiella pneumoniae (K. pneumoniae, 

ATCC-35596), and Pseudomonas aeruginosa (P. aeruginosa, ATCC-10145). Nitrocefin was 

purchased from TOKU-E and used as received. Azobisisobutyronitrile (AIBN) was was 

purchased from VWR and recrystallized from methanol. Sodium salt of penicillin-G was 
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purchased from VWR and 2-Cyano-2-propyl benzodithioate (CPB) was purchased from 

Strem Chemical Inc. Water was purified using Thermo Scientific Nanopure with ion 

conductivity at 18.2 MΩ. All other chemicals were from commercial sources and used as 

received.

Synthesis of poly(cobaltocenium (PCo) homopolymers:

Poly(cobaltocenium (PCo) homopolymers were prepared via reversible addition-

fragmentation chain transfer (RAFT) polymerization:40 Monomer CoAEMAPF6 (490 mg, 

1.0 mmol), initiator AIBN (0.5mg, 0.003mmol) and CTA agent CPB (3.5 mg, 0.01 mmol) 

were dissolved in DMF solution (1.0 mL) in a 10 mL Schlenk flask.. The mixture was 

degassed by purging N2 for 30 min and then initiated at 90 °C for 1-2 h. After reaction, the 

PCo homopolymers with PF6
− ligand were obtained by precipitation in cold 

dichloromethane. Finally, The PCo homopolymer showed excellent water-solubility after its 

ligand exchanging from from PF6
− to Cl− using tetrabutylammonium chloride (TBACl) as a 

phase-transfer ion-exchange reagent.42 1 mL acetonitrile solution of PCo homopolymers 

with PF6
− ligand (30 mg/mL) was slowly dropped into 5 mL TBACl acetonitrile solution 

under vigorous stirring. After five minutes, the Cl− paired PCo homopolymers with Cl− 

ligand was precipitated and washed three times using acetonitrile to remove excess TBACl 

and remaining PF6
− ions.

Synthesis of Au@PCo Nanoparticles:

Gold nanoparticles were synthesized according to a reported method.44 In a 100-mL round-

bottomed flask , while stirring, with 45.5 mL of water and then, in order, portions of aqueous 

solutions of sodium hydroxide (0.2 M, 1.5 mL), the reducing agent THPC (1 mL of a 

solution of 1.2 mL of 80% aqueous solution diluted to 100 mL with water), and the metal 

salt chloroauric acid (2 mL of dark-aged stock solution, 25 mM) results in the formation of 

orange-brown hydrosols of gold nanoparticles. The Au@PCo nanoparticles were prepared as 

following43: the PCo polymer (50 mg) was added to above gold NPs solution. Then, 1M 

NaBH4 (2 mL) was added dropwise and the mixture was allowed to continue stirirng at 

room temperature for 48h. The mixture was centrifuged for 1h at 13000 rpm. the Au@PCo 

nanoparticles were got after centrifuge and rinsing with water for 3 times.

Synthesis of Au@PCo-Peni Nanoparticles:

Au@PCo NPs (15 mg) and penicillin-G sodium salt (10 mg) were first dissolved in 1 mL 

deionized water and stirred for 12 h. Then, the mixture was transferred into a dialysis bag 

(molecular weight cut off 3,000) and dialyzed against 3 L deionized water for 12 h.. The 

Au@PCo-Peni nanoparticles were collected via freeze-dry of above mixture.

Evaluation of antibacterial effects:

All bacteria were obtained from ATCC company: Staphylococcus aureus (S. aureus, 

ATCC-33591), Klebsiella pneumoniae (K. pneumoniae, ATCC-35596), Escherichia coli (E. 
coli, ATCC-11775), and Proteus vulgaris (P. vulgaris, ATCC-33420). A single colony of 

each bacterium was inoculated in 30 mL Tryptic Soy broth (TSB) solution at 37 °C and 

Yang et al. Page 8

Adv Healthc Mater. Author manuscript; available in PMC 2020 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



shake at 190 rpm/min for 24 h. When the OD600 value of bacteria was about 1.00, 

suggesting bacteria with an optical density for further use.

For the agar disk-diffusion assays, each strain of bacteria was actively cultured on a 

mannitol salt agar (MSA), which was placed on a TSB agar plate. 10 μL 1.0 × 106 CFU/mL 

bacteria TBS solution was diluted to 1 mL, and then 100 μL diluted bacteria solution was 

spread on the surface of TSB agar plate to form a bacterial lawn. Then, the filter discs with 6 

mm diameter were placed on the surface of TSB agar plate. Different amounts of Au@PCo-

Peni NPs, PCo-Peni bioconjugates, Au@PCo NPs and Penicillin-G were dissolved in 30 μL 

water and then dropped to the filter discs. The plates were incubated in the oven for 18 h at 

28 °C. A clear inhibition zone around the disk was developed, suggesting the antibacterial 

ability of these compounds.

Minimum inhibitory concentrations (MIC):

MIC values of antimicrobial agents against different bacteria were tested as follow method. 

The antimicrobial agents with different amounts was dissolved in water and added to 96-

well plates (50 μL per well). Then, 150 μL TSB solution of bacteria was added to each well 

in above 96-well plates. The TSB solution of bacteria without antimicrobial agents was 

selected as the control group. These plates were shakily incubated for 12 hours at 37 °C. was 

detected at OD600 values were measured to detect the bacterial growth. All assays were 

measured twice in the same 96-well plate. Percentage inhibition were calculated by 

following equation:

Inhibition % =
OD600(t) − OD600(0)

OD600(t)c − OD600(0)c

Here, OD600 (t) indicates the OD600 value of bacteria after incubation with antimicrobial 

agents for t hours, OD600 (0) is the initial OD600 value of bacteria. OD600 (t)c indicates the 

OD600 value of control groups after incubation for t hours and OD600 (0)c is the initial 

OD600 value of control group.

LIVE/DEAD bacterial viability assays:

The four strains of bacteria were inoculated via a similar procedure used for MIC studies. 

18.5 μg Au@PCo-Peni NPs (penicillin-G weight: 5μg) was added to 1 mL bacteria TBS 

solution with OD600 of 1.00. The bacteria TSB solution without antimicrobial agents was 

selected as the control group. After incubation for 18 h at 37 °C, the bacteria were stained by 

1 μL LIVE/DEAD BacLight dye. The bacteria were fluorescence imaged using a confocal 

laser scanning microscopy (Leica TCS SP5) with a 63X oil immersion lens. Excited at 488 

nm using Helium/Neon and Argon laser, the live bacteria showed green fluorescence with 

emission at 500 nm, while the dead bacteria displayed red fluorescence with emission at 635 

nm because of the disrupted cell membranes.

Bacterial morphology assays:

The morphologies of bacterial strains treated by Au@PCo-Peni NPs were further visualized 

by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). 18.5 
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μg Au@PCo-Peni NPs (penicillin-G weight: 5μg) was added to 1 mL bacteria TBS solution 

with OD600 of 1.00. The solution was added to a 12-well plate containing on one glass slide 

in each well and cultured overnight at 37 °C. The bacteria TSB solution without 

antimicrobial agents was selected as the control group. The glass slides covered by bacteria 

were first-fixed with 2.5% glutaraldehyde cacodylate buffer solution (pH = 7.2) for 3 h at 

4 °C and post-fixed with 1% osmium tetraoxide buffer solution (pH = 7.2) for 1 h at 4 °C. 

After samples dry, they were sprayed with gold for 2 min using a sputter coater (Denton 

Dest II) and observed by FE-SEM (Zeiss UltraPlus). For TEM test, the bacteria TBS 

solution was dropwise added onto carbon-supported copper grids and then fixed by 2.5% 

glutaraldehyde cacodylate buffer solution and 1% osmium tetraoxide buffer solution before 

observation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
TEM images of a) Au NPs, b) Au@PCo-6K, c) Au@PCo-15K, and d) Au@PCo-30K.
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Figure 2. 
a) Agar diffusion Disk-diffusion assays of penicillin-G, PCo-Peni conjugates and Au@PCo-

Peni NPs against (i) S.aureus, (i)E. coli, (i) K. pneumonia, and (iv) P. vulgaris. 30 μL 

aqueous solution of antimicrobial agents with different weights (5-15 μg) was dropwise 

added to disks, and the culture dishes were incubated in the oven for 18 h at 28 °C. b) OD600 

values and c) inhibitory percentage of four bacteria incubated with penicillin-G, PCo-Peni 

and Au@PCo-Peni NPs, respectively. The tryptic soy broth (TSB) solutions of four different 

bacteria without any antimicrobial agents were used as the control groups. The 96-well 

plates were cultured shakily for 12 hours at 37 °C.
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Figure 3. 
a) Confocal laser scanning microscopy (CLSM) images and b) scanning electron 

microscopy (SEM) images of control groups and Au@PCo-Peni NPs against four different 

bacteria. The concentration of Au@PCo-Peni NPs was 18.5 μg/mL, based on the effective 

penicillin-G concentration (5 μg/mL) in Au@PCo-Peni NPs. The concentration of bacteria 

was 1.0×106 CFU/mL. For CLSM images, LIVE/DEAD BacLight dye (Bacterial Viability 

Kit; Invitrogen Inc.) was used to stain the bacteria and check bacteria viability. Green color 

indicated live bacteria; yellow or red color indicated dead bacteria. For SEM images, all 

scale bars are 2 μm.
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Figure 4. 
TEM images of the control and Au@PCo-Peni NPs against S. aureus and E. coli. The 

concentration of Au@PCo-Peni NPs was 18.5 μg/mL, based on the effective penicillin-G 

concentration (5 μg/mL) in Au@PCo-Peni NPs. The concentration of bacteria was 1.0×106 

CFU/mL. All scale bars are 1 μm.
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Scheme 1. 
a) Synthesis of cationic thiol end-capped cobaltocenium homopolymers by RAFT 

polymerization and dithioester reduction. b) Synthesis of antimicrobial Au@PCo-Peni 

nanoparticles by a “grafting-to” approach and a bioconjugation between cationic PCo and 

anionic β-lactam antibiotic Penicillin-G.
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Table 1.

The Minimum Inhibitory Concentrations of penicillin-G, PCo-Peni conjugates, and Au@PCo-Peni NPs 

against Gram-positive and Gram-negative Bacteria.

Compounds Minimum Inhibitory Concentration (MIC, μg/mL)

S. aureus E. coli K. pneumonia P. vulgaris

Penicillin-G 15.8 20.4 23.2 22.6

PCo-Peni 6.4 8.3 8.9 7.8

Au@ PCo-Peni 2.6 4.5 5.4 4.9
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