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ABSTRACT: Inappropriate and frequent use of antibiotics
has led to the development of antibiotic-resistant bacteria,
which cause infectious diseases that are diﬃcult to treat. With
the rising threat of antibiotic resistance, the need to develop
eﬀective new antimicrobial agents is prominent. We report
antimicrobial metallopolymer nanoparticles, which were
prepared by surface-initiated reversible addition−fragmentation chain transfer polymerization of a cobaltoceniumcontaining methacrylate monomer from silica nanoparticles.
These particles are capable of forming a complex with β-lactam
antibiotics, such as penicillin, rejuvenating the bactericidal
activity of the antibiotic. Disk diﬀusion assays showed
signiﬁcantly increased antibacterial activities against both
Gram-positive and Gram-negative bacteria. The improved eﬃciencies were attributed to the inhibition of hydrolysis of the βlactam antibiotics and enhancement of local antibiotics concentration on a nanoparticle surface. In addition, hemolysis
evaluations demonstrated minimal toxicity to red blood cells.

■

INTRODUCTION
The widespread and excessive use of antimicrobial drugs has
increased the endurance of microbes, making them more
tolerant toward conventional antibiotics. Antimicrobial resistance has been highlighted as “one of the greatest threats to
human health worldwide” by the Infectious Diseases Society of
America, and the White House announced the National
Strategy for Combating Antibiotic-Resistant Bacteria
(CARB).1 According to U.S. Centers for Disease Control and
Prevention, at least 2 million people are aﬀected annually by
drug-resistant bacteria in the U.S. alone, and 23,000 of them
lose their lives.2 The burden created by these infections on the
economy is also substantial and is estimated to result in $20
billion in additional health care costs and $35 billion in lost
productivity annually.3 As a result of antibiotic resistance, it is
hard to treat major diseases because the drugs used are
becoming progressively less eﬀective. A variety of antibiotics are
now being labeled ineﬀective, and the proliferation of bacteria is
surging. The growing need to develop powerful antibacterial
agents is fueled by the increasing daily incidence of bacterial
infections. Therefore, it is urgent to direct eﬀorts toward the
development of novel antibiotics and more-eﬀective therapeutic
strategies to tackle this escalating health crisis.
The predominant synthetic microbial agents are compounds
or polymers having cationic groups like quaternary ammonium
© 2018 American Chemical Society

or phosphonium, which promote rapid adsorption onto the
negatively charged bacterial cell surfaces.4−8 Because of the
physical nature of membrane disruption, the possibility of
developing new resistant strains is reduced signiﬁcantly.
However, many of these antimicrobial agents, although eﬀective
against certain types of bacterial strains, are notoriously toxic
toward mammalian cells, thus limiting their roles in battling
infections.9−13 The use of nanotechnology has often been
considered in developing alternative antimicrobial therapies.
Nanoparticles have been widely used in pharmaceuticals,
biomedicine, and microbiology.14,15 Nanoparticles could be a
powerful tool to combat bacterial infections.16 Antimicrobial
agents have been constructed by both organic and inorganic
nanoparticles such as silver,17−19 gold,20−22 zinc oxide,23,24
titanium dioxide,25,26 silica,27,28 copper oxide,29 magnesium
oxide,30 carbon-based nanoparticles such as carbon nanotubes,31−33 fullerenes,34 and graphene oxide.35 In particular,
silica nanoparticles have a high chemical, thermal, and colloidal
stability and have been found to be useful in biomedical
applications due to their biocompatibility, low toxicity, low
density, capacity for encapsulation, and easy synthesis.36,37 In
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to our earlier report. 2-Aminoethyl methacrylate hydrochloride
(90%), N-(3-(dimethylamino)propyl)-N′-ethylcarbodiimide hydrochloride (EDC-HCl, 98%), 4-(dimethylamino) pyridine, and tetrabutylammonium chloride (TBACl) were purchased from Aldrich and
used as received. Water was from Thermo Scientiﬁc Nanopure with
ion conductivity at 18.2 MΩ. The following bacterial strains were
purchased from ATCC: Staphylococcus aureus (ATCC-33591),
Escherichia coli (ATCC-11775), Klebsiella pneumoniae (ATCC35596), Proteus vulgaris (P. vulgaris, ATCC-33420), and Pseudomonas
aeruginosa (ATCC-10145). Nitroceﬁn was purchased from TOKU-E
and used as received. The sodium salt of penicillin-G was purchased
from VWR and used as received. 4-Cyanopentanoic acid dithiobenzoate (CPDB) was obtained from Strem Chemical Inc. CPDBimmobilized silica nanoparticles were synthesized according to the
literature.50 Azobis(isobutyronitrile) (AIBN) was recrystallized from
methanol before use. All other chemicals were from commercial
sources and used as received.
Synthesis of Cobaltocenium-Containing Silica Nanoparticles. CoAEMAPF6 (200 mg, 0.41 mmol) CPDB-coated silica
nanoparticles (69.5 mg, 59 μmol/g, 1 mmol) and 0.4 mL of dry
dimethyformamide (DMF) were added to a 10 mL Schlenk tube. To
ensure adequate dispersion of silica nanoparticles, the solution was
sonicated for 5 min, and AIBN (0.2 mg, 1.23 μmol) was added. The
resulting solution was degassed by purging nitrogen for 30 min and
then placed in an oil bath of 90 °C until the desired conversion was
reached. The polymerization was quenched by opening to air and
cooling with ice water. The reaction mixture was precipitated in cold
dichloromethane three times and vacuum-dried. Ion-exchange to Cl−
was performed according to a previous report using tetrabutylammonium chloride salt (TBACl).51 A typical procedure was as follows: 1
mL of PF6−-paired CsNP (30 mg/mL in acetonitrile) was slowly
dropped into 5 mL of TBACl solution (in acetonitrile) under vigorous
stirring. After stirring for 5 min, the precipitated Cl−-paired CsNP was
collected and washed by acetonitrile three times to remove PF6−
anions and excess TBACl. The solid yellow CsNP-Cl was then
vacuum-dried and collected. The polymer chains were cleaved using
HF, and NMR was performed on the cleaved polymer chains.
Synthesis of CsNP-Penicillin Bioconjugates. Cobaltoceniumcontaining silica nanoparticles with Cl− and penicillin-G sodium salt
were initially dissolved in deionized water (1 mL) with molar ratios
(penicillin salt to cobaltocenium moieties) in the range of 1.05 to 1.15.
The solution was stirred for 2 h and then dialyzed against 3 L of
deionized water for 9 h. The solution in a dialysis bag was collected
and freeze-dried. The CsNP-Peni conjugates were obtained as a yellow
powder.
Growth of Bacteria. The antibacterial activity of cobaltoceniumcontaining silica nanoparticles was evaluated using standard diskdiﬀusion assays (ASTM: the Kirby Bauer diﬀusion test). First, actively
growing cultures of each bacterial strain, previously grown on
Mannitol salt agar (MSA), were inoculated on tryptic soy broth
(TSB) agar plates. A subsample (10 μL) of each bacterial culture (cell
concentrations were 1.0 × 106 CFU/mL) was diluted to 1 mL in TSB,
and 100 μL of cell culture was spread on TSB agar plates to form a
bacterial lawn covering the plate surface. Then, a 6 mm ﬁlter disc was
laid on the agar surface to which the nanoparticle solution was added
at the desired concentration. All plates were incubated overnight at 37
°C. The development of a clear zone around the disk was indicative of
the ability of antimicrobial drugs to kill bacteria. By quantifying the
area of inhibition (knowing its diameter and the depth of the agar), a
minimum inhibitory concentration (MIC) was calculated for each
material/bacterial combination using established protocols.52
Bacterial Morphology by FE-SEM. Field-emission scanning
electron microscopy (FE-SEM) was used to examine changes in the
morphology of bacterial cells after incubations with test drugs. In
summary, 20 μL of bacterial cell solutions were grown on glass slides
in a 6-well plate containing 2 mL of TSB medium at 37 °C overnight.
Cell suspensions were diluted to OD600 = 1.0. After adding
predetermined amounts of test drugs to the 1 mL cell stock solution,
they were incubated overnight at 37 °C. A cell suspension without any
chemicals was used as the control. The samples were then ﬁxed in

addition, they have larger surface areas that can be functionalized using organosilane chemistry to introduce desirable
functional groups to regulate drug loading. The bactericidal
eﬀect of silica nanostructures could be ﬁne-tuned by adjusting
various parameters like particle size, shape, porosity, and surface
functionalization.38 Kim et al. synthesized dual mode silica
nanoparticles for speciﬁc binding to his-tagged proteins for
puriﬁcation and labeling of proteins.39 Bharali et al. used aminosurface-functionalized plasmid DNA-bound silica nanoparticles
for in vivo gene delivery.40 Liu et al. and others broadened
dimensions of silica nanoparticles to enhance image contrast
and reported a detectable ultrasound behavior after administering 100 nm solid silica nanoparticles into mice.41,42 A new class
of nanoparticles, polymeric nanoparticles, has been touted for
various biomedical applications due to the versatility in
modiﬁcation to incorporate diﬀerent functionalities.15,43−45
Nederberg et al. synthesized polymeric nanoparticles consisting
of cationic amphiphilic triblock polycarbonates that selectively
lysed microbial membranes.46 They were not only biodegradable but also in vivo applicable and highly eﬀective against drugresistant bacteria.
We recently demonstrated that low cytotoxic cationic
cobaltocenium metallopolymers have antimicrobial eﬃcacy
against various bacterial strains including multidrug-resistant
bacteria by disarming activities of β-lactamase.47,48 These
charged metallopolymers were capable of protecting conjugated
antibiotics via ion-pairing with cobaltocenium. We showed that
these metallopolymers can inhibit the detrimental eﬀects of the
β-lactamase enzyme that is responsible for the hydrolysis of βlactam antibiotics.
In an eﬀort to further enhance the eﬃcacy of cobaltocenium
polymers, we report herein surface-grafted cobaltoceniumcontaining silica nanoparticles. We carried out surface-initiated
reversible addition−fragmentation chain transfer (RAFT)
polymerization of a cobaltocenium-containing methacrylate
monomer from silica nanoparticles coated with 4-cyanopentanoic acid dithiobenzoate (CPDB). We then conjugated the
antibiotic penicillin-G with the nanoparticles by ion-pairing
between the cationic cobaltocenium moiety in the nanoparticles
and carboxylate anions of antibiotics. Such bioconjugated
nanoparticles not only reduced the activity of β-lactamase but
eﬀectively lysed both Gram-positive and Gram-negative
bacterial cells.

■

EXPERIMENTAL SECTION

Characterization. 1H (400 MHz), 13C (100 MHz), and 19F (376
MHz) NMR spectra were recorded on a Varian Mercury 400 NMR
spectrometer with tetramethylsilane (TMS) as an internal reference.
Mass spectrometry was conducted on a Waters Micromass Q-TOF
mass spectrometer, and the ionization source was positive ion
electrospray. UV−vis absorbance was carried out on a Shimadzu
UV-2450 spectrophotometer with a 10.00 mm quartz cuvette and
monochromatic light of various wavelengths over a range of 190−900
nm. A Hitachi 8000 transmission electron microscope (TEM) was
used to acquire images at an operating voltage of 150 kV. TEM
samples were prepared by dropping a solution of nanoparticles on
carbon-supported copper grids and then dried before observation.
Dynamic light scattering (DLS) was operated on a Nano-ZS
instrument, Model ZEN 3600 (Malvern Instruments). Field-emission
scanning electron microscopy (FE-SEM, Zeiss UltraPlus) was used for
imaging of bacterial cells after overnight incubations with test drugs.
The samples were ﬁrst coated for 45 s with gold using a Denton Dest
II Sputter Coater then observed by SEM.
Materials and Methods. 2-Cobaltoceniumamidoethyl methacrylate hexaﬂuorophosphate (CoAEMAPF6) was synthesized according
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Scheme 1. Synthesis of Cobaltocenium-Containing Silica Nanoparticles by Surface-Initiated RAFT Polymerization

■

cacodylate buﬀer with 2.5% glutaraldehyde solution (pH 7.2) for 2−3
h at 4 °C and postﬁxed with 1% osmium tetraoxide at 4 °C for 1 h.
Samples were dehydrated under a critical point and then coated with
gold using a Denton Dest II Sputter Coater for 120 s and observed by
FE-SEM.
LIVE/DEAD Bacterial Viability Assays. The ﬁve bacterial strains
were inoculated and prepared by a similar procedure as mentioned
above. One mL of active bacterial stock solution was introduced to 5
μg penicillin solutions. An untreated cell suspension was used as the
control. Following overnight incubation at 37 °C, 1 μL LIVE/DEAD
BacLight (Bacterial Viability Kit; Invitrogen Inc.) was added to the
incubation solution. After incubation for 15 min, cells were imaged
using a Leica TCS SP5 laser scanning confocal microscope with a 63×
oil immersion lens. When excited at 488 nm with argon and helium/
neon lasers, bacteria with intact membranes display green ﬂuorescence
(emission = 500 nm) and bacteria with disrupted membranes
ﬂuoresced red (emission = 635 nm).
Drug Resistance Study. At ﬁrst, a 50 μL aqueous solution of
CsNP-penicillin conjugates with half of the MIC concentration were
added to 96-well plates. Then, 150 μL bacterial TSB solutions (OD600
= 1.00) were added to the wells. The bacterial TSB solution without
conjugates was used as the control. The assay plate was incubated at
37 °C until the bacteria were grown to an optical density of ∼1.00
(OD600 = ∼1.00) in control samples. All assays were carried out in
duplicate in the same assay plate. The experiment was repeated for 15
passages.
Eﬀects of CsNP Copolymers on β-Lactamase Activity.
Nitroceﬁn (50 μL, 1.0 μg/mL DMSO solution) and CsNP with
diﬀerent concentrations (100, 200, and 400 μg) were added to 1 mL of
H2O and stirred for 12 h. Then, 1 μL of β-lactamase PBS buﬀer
solution (0.1 μg/mL, determined by Biorad Protein Assay) was added
to the above solution. A solution without nanoparticles was used as a
control. After 1 h, the β-lactamase activity was measured by UV−vis
absorbance at 480 nm.
Hemolysis Evaluation for Cytotoxicity Determination. Blood
was collected from mice in heparinized tubes and diluted by mixing
800 μL of blood with 1000 μL of PBS. Nanoparticle samples were
prepared in PBS at concentrations of 10, 50, 100, and 500 μg/mL and
60 μL of the diluted blood samples was added to 3 mL of the
nanoparticle conjugates, PBS, or 0.1% Triton-X100 in PBS. The
samples were incubated for 1 h at 37 °C followed by centrifugation for
10 min at 1500 rpm. Supernatants were collected, and OD was
measured at 545 nm to calculate the hemolysis rate using the formula
HR = (AS − AN)/(AP − AN), where AS, AN, and AP are OD values
of the supernatants from test samples, negative control (PBS), and
positive control (0.1% Triton-X100), respectively.

RESULTS AND DISCUSSION

1. Synthesis of Cobaltocenium-Containing Silica
Nanoparticles. The cobaltocenium-containing silica nanoparticles (CsNP) were prepared via RAFT polymerization
using 2-cobaltocenium amidoethyl methacrylate hexaﬂuorophosphate (CoAEMAPF6) as a monomer and AIBN as an
initiator, mediated by CPDB-coated silica nanoparticles in
DMF at 90 °C (Scheme 1 and Scheme S1). We previously
synthesized a cobaltocenium methacrylate monomer with ester
and amide linkers for various applications and studies.53−55 A
similar procedure was followed to synthesize CoAEMAPF6 by
reacting cobaltocenium monoacid with 2-aminoethyl methacrylate hydrochloride in the presence of coupling agent N-(3(dimethylamino)propyl)-N′-ethylcarbodiimide (EDC).
RAFT polymerization has been demonstrated to provide
quantitative and precise control over the molecular weight.56−58
We carried out RAFT polymerization by exploiting a “grafting
from” technique.50,59−61 The silane surface chemistry was used
to treat the colloidal silica nanoparticles with 3-aminopropyldimethylethoxysilane followed by the amidation reaction
between amino groups and the CPDB RAFT agent. The
amount of RAFT agent anchored onto the modiﬁed silica
nanoparticles was determined quantitatively by comparing the
absorption at ∼303 nm for the CPDP-anchored silica
nanoparticles to a standard absorption curve made from
known amounts of the free CPDB (Figure S1). Three diﬀerent
types of silica nanoparticles were synthesized by diﬀering
various grafting densities from 0.084 to 0.481 chain/nm2 (20,
59, and 114 μmol/g CPDB). Most likely, these grafting
densities were signiﬁcantly below the maximum grafting density
of CPDB that could be allowed (typically close to 1.0 chain/
nm 2 ). The disappearance of the vinyl protons from
methacrylate around 6.2 and 5.6 ppm and the appearance of
broad peaks around 0.5−2.0 ppm in the 1H NMR spectrum
suggested the successful polymerization. (Figure S2). The
molecular weight was controlled by tracking the conversion
during the polymerization process using NMR. The polymers
were obtained with the degree of polymerization in the range of
26−28. The targeted molecular weight was in the range of
12000−15000 g/mol, which displayed strong antibacterial
properties based on our previous studies (Table 1).47 The
nanoparticles were further characterized by FTIR and EDX
elemental analysis to conﬁrm the presence of major bonds and
elements in the nanoparticles (Figures S3 and S4).
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ymers and bare silica nanoparticles were compared with that of
cobaltocenium-grafted nanoparticles. On the basis of the TGA
measurements, the total weight percentage of cobaltocenium in
the nanoparticle in CsNP ranged from 56 to 65 wt %. This
information together with 1H NMR allowed us to calculate the
weight percentage of penicillin in the nanoparticles, which was
in the range of 28−35 wt %. The equimolar pairing of penicillin
with cobaltocenium was conﬁrmed by 1H NMR by calculating
the integration ratio of aromatic peaks ∼7.2 ppm from
penicillin to the cyclopentadienyl peaks of polymers ∼5.5−
6.1 ppm (Figure S6).
2. Antimicrobial Activity of Cobaltocenium-Containing Silica Nanoparticles. Antimicrobial susceptibility was
determined by the conventional agar disk-diﬀusion assay
following a protocol of Kirby Bauer diﬀusion test.62 Staphylococcus aureus and Escherichia coli were chosen as
representative Gram-positive and Gram-negative bacteria,
respectively. For the eﬀective optimal concentration to be
determined, three diﬀerent amounts of penicillin (4, 6, and 8
μg) were tested against the two bacterial strains as shown in
Figure S7. While carrying out the disk-diﬀusion assays,
concentrations of penicillin were kept constant in both
nanoparticle treatments and controls. The optimal activity
was obtained with 6 μg of penicillin and used throughout the
tests. The ability of the complex to kill the bacteria was
represented by the development of a clear zone around the disk
also known as the inhibition zone. Higher inhibition zones were
seen in for the Gram-positive S. aureus in comparison to that of
the Gram-negative E. coli. The additional outer polysaccharide
layer in the Gram-negative bacteria might have acted as an extra
layer of shielding for the test drugs to penetrate, resulting in the
smaller inhibition zone.62
For further investigation of Gram-negative bacteria, tests
were extended to the following bacteria using the abovementioned protocol: Pseudomonas aeruginosa, Proteus vulgaris,
and Klebsiella pneumonia. Among them, P. aeruginosa, K.
pneumonia, and S. aureus are among the six pathogens in a class
“ESKAPE” termed by the CDC that can evade the inﬂuence of
antibiotics and develop resistance.63 As shown in Figure 3 and
Figure S8, penicillin-G alone showed minimal antibacterial
eﬃcacy at a given concentration when compared to the CsNP
bioconjugates. In the case of S. aureus, the inhibition zone
caused by penicillin was 9 mm, whereas the zones created by
CsNP-penicillin conjugates were much larger at ∼19 mm. The
amount of cobaltocenium in the control CsNP-Cl was probably
too low for observing the onset of any antimicrobial activity.

Table 1. Cobaltocenium-Containing Silica Nanoparticles
and Their Characterization
entry

total surface
densitya
(μmol/g)

total surface
density
(chain/nm2)

Mnb
(g/mol)

diameterc
(nm)

zeta
potentiald
(mV)

CsNP 1
CsNP 2
CsNP 3

20
59
114

0.084
0.249
0.481

12700
13700
13200

48
50
51

40.4
55.1
62.6

a

Equivalent of CPDB. bMn calculated by conversion of CoAEMAPF6
via NMR. cDiameter calculated via DLS. dZeta potential calculated via
DLS.

A facile phase-transfer ion-exchange method has been
established to prepare hydrophilic cationic cobaltoceniumcontaining polyelectrolytes with diverse counterions using
tetrabutylammonium chloride (TBACl) salts.51 Thus, nanoparticles with PF6− anions were subjected to anion exchange
with TBACl to result in hydrophilic chloride-based particles.
The complete conversion from PF6− to Cl− was conﬁrmed by
running 19F NMR of the resultant nanoparticles (Figure S5).
The switch of anions to chloride signiﬁcantly increased the
hydrophilicity of the nanoparticles and facilitated the use of
these particles for biomedical applications. The strong electrostatic interaction between the cationic cobaltocenium moieties
and stationary phase of microstyragel columns made it diﬃcult
to characterize molecular weight by gel permeation chromatography. The nanoparticles were further conjugated with
penicillin via ionic interaction between anionic penicillin
sodium salt and the cationic cobaltocenium moiety resulting
in penicillin-conjugated cobaltocenium-containing silica nanoparticles (CsNP). The excess penicillin salt, which was not
complexed with nanoparticles, was removed by dialysis. For
convenience, the nanoparticle conjugates were hereafter
referred to as CsNP 1 (20 μmol/g), CsNP 2 (59 μmol/g),
and CsNP 3 (114 μmol/g).
The mean diameter of cobaltocenium-containing nanoparticles was found to be in the range of 40−50 nm as
measured by dynamic light scattering (Figure 1a). The
diameter of bare silica nanoparticles was around 20−25 nm,
and after polymerization, the mean diameter increased as
expected. The average diameter of individual cobaltoceniumcontaining nanoparticles measured by TEM (Figure 2) was
consistent with DLS results. Thermogravimetric analyses
(TGA) showed accurate weight loss of nanoparticles with
diﬀerent grafting densities (Figure 1b). To determine the
weight percentage of the cobaltocenium, TGA of homopol-

Figure 1. (a) Dynamic light scattering measurements showing nanoparticle sizes and (b) thermogravimetric analysis of cobaltocenium-containing
silica nanoparticles.
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Figure 2. TEM images of nanoparticles for (a) CsNP 1, (b) CsNP 2, and (c) CsNP 3.

Figure 3. Inhibition zones of CsNP-Peni conjugates against various strains of bacteria at 6 μg penicillin-G/disk using disk-diﬀusion assays: (a) S.
aureus, (b) E. coli, (c) P. vulgaris, (d) K. pneumonia, and (e) P. aeruginosa.

The inhibition zone caused by homopolymer conjugate (PCoPeni) was 12 mm, which was larger than that of penicillin alone
but still smaller than those observed for nanoparticle-penicillin
conjugates. All three CsNP-penicillin conjugates resulted in
bigger inhibition zones than those of penicillin, CsNP-Cl
nanoparticles, and the homopolymer-penicillin conjugate.

The results presented above demonstrate the synergistic
eﬀects of the cobaltocenium-penicillin complex in protecting
the antibiotics, leading to increased lysis of bacterial cells. This
led us to believe that CsNP-penicillin conjugates could be
upgraded ammunition from the currently known homopolymer-penicillin conjugate in combating bacterial infections. The
421
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cells, whereas cells incubated with CsNP-Peni bioconjugates
displayed primarily red or yellow ﬂuorescence, indicating cell
death. Furthermore, SEM imaging was used to compare
diﬀerences in morphology before and after treatment with
CsNP-Peni conjugates (Figure 5). Control samples contained
intact bacterial cells with smooth surfaces, whereas the cells
incubated with conjugates were signiﬁcantly damaged with
obvious disruptions in the original morphology. The collapsed
cell envelopes of the incubated bacterial cells marked the
physical damage of cell membranes.
The Nitroceﬁn assay, in conjunction with UV−vis
spectrophotometry, was used to observe the eﬀects of CsNP
on β-lactamase activity (Figure S9). The original yellow color of
controls of a nitroceﬁn solution changed to red within a few
minutes after the addition of β-lactamase. The change in color
was the result of hydrolysis of the β-lactam ring of antibiotics
and can be observed by an absorption peak near 480 nm
(Figure S9b).64 When nitroceﬁn was complexed with CsNP,
there was a minimal change in color, implying protection of the
β-lactam ring by the cobaltocenium moiety complex. When a
higher concentration of CsNP was used, the color of the yellow
solution remained unchanged. This was interpreted as complete
shutdown of the β-lactamase activity against β-lactam antibiotics.
For evaluating the probability of the CsNP-penicillin
conjugates to induce resistance in bacteria, a drug resistance
study was conducted for the most potent nanoparticle
conjugate, CsNP 3 (lowest MIC), against both Gram-positive
and Gram-negative bacteria. As shown in Figure 6, the OD600
values of the nanoparticle conjugates remain virtually constant
even after 15 consecutive passages against both S. aureus and E.
coli, indicating that the bacteria did not readily develop
resistance toward the nanoparticle conjugate.
The improved bactericidal eﬃciencies of CsNP-penicillin
conjugates could be attributed to the enhanced local
concentration of the cobaltocenium-penicillin complex on the
nanoparticle surface. Most of the antibacterial agents
administered in the body to combat microbial infections diﬀuse
to cell membranes once solubilized. This process could result in
a lower concentration of antibacterial compounds a given

CsNP conjugates have a greater charge density of cationic
cobaltocenium on the surface, which provides an advantage for
higher bactericidal eﬃcacy when compared to those of the
individual polymers. Even though the grafting densities of the
nanoparticles were diﬀerent, the inhibition zones caused by the
nanoparticle conjugates were similar. This could be attributed
to the similar sizes of nanoparticle conjugates resulting in a
similar zone of diﬀusion in the agar gel. The diameters of
nanoparticles were very close to each other; thus, we predict
that similar diﬀusion likely occurred in the agar gel, leading to
the similar antimicrobial activities observed.
Minimum inhibitory concentrations were calculated for each
material/bacterial combination using the established protocol
and are given in Table 2.52 The mean MIC of CsNPs against
Table 2. Minimum Inhibitory Concentrations (MICs) of
Diﬀerent Antimicrobial Agents against Five Strains of
Bacteria
minimum inhibitory concentration (MIC, μg/mL)
compd

S. aureus

E. coli

P. vulgaris

P. aeruginosa

K. pneumonia

CsNP 1
CsNP 2
CsNP 3
penicillin

3.03
3.78
2.73
13.48

5.57
7.58
4.85
17.06

5.42
5.91
5.20
17.50

5.57
6.46
5.57
19.41

10.92
9.90
10.10
26.66

Gram-positive strain S. aureus was 3.18 ± 0.54 μg/mL, which
was ∼4-times lower than that of penicillin at 13.48 μg/mL.
Similarly, for Gram-negative strains, the MIC values of CsNPs
followed a similar trend and were much lower than that of
penicillin alone. Compared with penicillin alone, nanoparticlepolymer conjugates displayed signiﬁcantly higher eﬃcacies
against both Gram-positive and Gram-negative strains.
The increased bactericidal eﬀectiveness was further supported by qualitative observations using confocal scanning laser
microscopy (CSLM) studies (Figure 4). LIVE/DEAD bacteria
viability assays using CSLM indicated greater levels of cell death
and lower cell densities when bacterial cells were exposed to
CsNP-Peni conjugates. Most of the cells exposed to penicillin
alone exhibited primarily green ﬂuorescence indicating live

Figure 4. Confocal scanning laser microscopy images of control, penicillin, and CsNP-penicillin conjugates with a concentration of 6 μg/mL of
penicillin (using BacLight live/dead stain, green indicates live cells, red indicates dead cells) against E. coli and S. aureus. The bacterial solution
without CsNPs was used as the control.
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Figure 5. Scanning electron microscopy (SEM) images of control and CsNP-penicillin conjugates with a 6 μg/mL concentration of penicillin against
E. coli and S. aureus. Bacterial solutions without CsNPs were used as the control.

Figure 6. Drug resistance study of CsNP-penicillin conjugates against various bacteria.

nanoparticle-drug complex resisted hydrolysis by β-lactamase,
the enzymatic mechanism used by many bacteria to resist βlactam drugs. Not only did the complex rejuvenate bactericidal
eﬃcacy but also provided an enhanced local dose of the
penicillin and overwhelmed the bacterial cells, proving to be a
more eﬀective antimicrobial agent. This design has enabled us
to achieve a promising new paradigm to improve the vitality of
conventional antibiotics with strong bactericidal eﬃcacy and
minimal cytotoxicity to host human cells.

bacterial cell receives and thus could be less eﬀective. In
contrast, we increased the concentration of the cobaltoceniumpenicillin conjugates on the surface, which supplied an
enhanced dose to overwhelm the bacterial cell, resulting in
eﬀective lysis. In addition, the larger surface area of the
nanoparticle could provide more active sites to contact the
bacteria resulting in more bacterial death. To determine the
toxicity of the CsNPs, we analyzed the cytotoxicity of CsNP 3
on red blood cells (RBCs) by evaluating whether they could
lead to hemolysis of RBCs. We found that, even at a
concentration as high as 500 μg/mL, extremely low (<5%)
percentages of cells were lysed by CsNP 3 compared to the
negative control group as shown in Figure S10. This implies
that the CsNPs do not cause signiﬁcant toxicity and hence
could be safe in the host.

■
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CONCLUSIONS

In summary, we engineered the surfaces of silica nanoparticles
with cobaltocenium polymers having varied grafting densities
using RAFT polymerization. These nanoparticles were then
loaded with the β-lactam antibiotic penicillin-G based on
electrostatic interactions between the cationic cobaltocenium
moiety and anionic antibiotic. The resulting conjugates showed
vastly improved bactericidal eﬃciencies against both Grampositive and Gram-negative bacterial pathogen strains and
facilitated the revitalization of the β-lactam drug penicillin. The
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