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Abstract

Antibiotic-resistant bacterial infections are a vexing global health problem and have rendered
ineffective many previously-used antibiotics. Here we demonstrate that antibiotic-linkage to
surface-functionalized silica nanoparticles (SNP) significantly enhances their effectiveness against
Escherichia coli, and Staphylococcus aureus, and even methicillin-resistant S. aureus (MRSA)
strains that are resistant to most antibiotics. The commonly-used antibiotic penicillin-G (PenG)
was complexed to dye-labeled sSNPs (15 nm diameter) containing carboxyl groups located as either
surface-functional groups, or on polymer-chains extending from surfaces. Both SNPs
configurations efficiently killed bacteria, including MRSA strains. This suggests that activities of
currently-ineffective antibiotics can be restored by nanoparticle-complexation and used to avert
certain forms of antibiotic-resistance.

The increasing prevalence, perseverance, and adaptability of bacterial resistance to
antibiotics is a vexing healthcare problem; one which results in high morbidity/mortality and
healthcare costs exceeding $20 billion annually.1=> A wide range of infectious strains now
exhibit antibiotic resistance. Common examples include MRSA (methicillin-resistant
Staphylococcus aureus), Pseudomonas aeruginosa lung- and wound-infections, VREs
(vancomycinresistant Enterococci), bacterial pneumonia strains, and urinary tract-infections
(UTIs), as well as a host of infections that occur in association with human conditions such
as AlDs, and intestinal/colon breaches.®=8 The frequency of community-acquired
methicillin-resistant Staphylococcus aureus (MRSA) increased more than seven-fold from
1999 to 2006.° Patients who acquire such infections are at increased risk for death and
disease. Such patients can more than double inpatient hospital costs! and account for
increased outpatient treatment costs? and spending on long-term care.

TElectronic supplementary information (ESI) available: Antibiotic—nanoparticle complexes and experimental procedures. See DOI:
10.1039/c4cc04936e
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Many widely-used antibiotics (¢e.g., beta-lactam antibiotics) share similarities in molecular
structure and modes of action.!! Since genetic mechanisms underlying antibiotic resistance
can be readily exchanged among bacterial cells, a growing number of pathogenic strains
now exhibit multiple antibiotic resistance (MAR).12 Overuse of antibiotics selects for the
emergence and later persistence of a resistant infection following antibiotic treatment,13 a
number that has been increasing over the past two decades. Consequently, many previously-
used antibiotics (e.g. penicillin) have been rendered either less-effective or ineffective
because of the preponderance of bacterial strains having genetically-transferable antibiotic
resistance.14 In order to overcome the growing patterns of resistance, a more effective
utilization of antibiotics against infections is required.

Nanoparticles (NP) and other nanotechnology-based approaches are now being investigated
as therapeutic delivery-vehicles for antibiotics and other antimicrobial compounds to
bacterial cells. While NPs have been used extensively for the delivery of anti-cancer drugs
and other types of molecules to eukaryote cells,15-17 they have not been utilized to a great
extent for delivery of antibiotics to bacterial cells.18 However, the size-dependent properties
of NPs coupled to their high specific surface area and surface energies, potentially provide
NPs with increased delivery capabilities when compared to dissolved molecules.1® NPs
additionally offer emerging potential because their chemistry can be engineered with high-
specificity to possess surfaces having different types and densities of chemical functional
groups, charges and other properties.2%-23 This can permit pre-determined quantities of
antibiotic molecules to be complexed by a single nanoparticle, and subsequently used to kill
infectious bacterial cells. The interiors or surfaces of nanoparticles similarly can be
engineered with fluorophores to facilitate quantitative detection. These properties, when
used in combination, also offer a unique and improved potential for probing bacterial
infections with increasing resolution.

In the present study, we complexed the antibiotic penicillin-G using specifically-engineered
nanoparticles, against bacterial pathogens, some of which were highly-resistant to the
antibiotic. The activities of relatively non-effective antibiotics were significantly enhanced
by nanoparticle-conjugation and avert certain forms of antibiotic resistance, especially if
nanoparticles can specifically target bacteria. The antibiotic was complexed to engineered
silica nanoparticles, the surfaces of which were functionalized with monolayer carboxylic
acids, and poly(methacrylic acid) (PMAA) prepared by the RAFT polymerization technique
(Fig. 1). Both forms of antibiotic—sNPs complexes demonstrated enhanced inhibition of the
bacteria.

Our investigation studied ten bacterial pathogens (six Gram-negative and four Gram-positive
bacteria), including methicillin-resistant Staphylococcus aureus (MRSA) strains. In disk-
diffusion assays, treatment disks containing the nanoparticle complexes were tested on the
same agar plates as the control (soluble PenG) disks to ensure that the dosage and growth
stage of the bacterial lawn was comparable.

The carboxylic acid engineered sNPs were labeled with fluorescent dyes for monitoring the
presence and movement of the SNPs using UV-vis spectroscopy and confocal scanning laser
microscope (CSLM). A carboxylic acid monolayer was coated on sNPs with fluorescent tags
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in two steps (Fig. S1a, ESIT). First, colloidal silica nanoparticles were reacted with 3-
aminopropyldimethylethoxysilane to generate amine-coated nanoparticles (with a
predetermined amount of amine groups). Secondly, the amino particles were allowed to react
with a small amount (<5 mol% relative to the amines) of 7-nitrobenzofurazan-(NBD)-based
dye molecule. Subsequently, an excess of succinic anhydride was added to the reaction
solution to generate fluorescent dye-labeled carboxylic acid-coated nanoparticles. Fig. S1c
(ESIt) shows TEM images of amine and dye-labeled carboxylic acid functionalized
nanoparticles, and exhibits an excellent dispersion of these particles. The IR spectra (Fig.

S2, ESIt) of amine and carboxylic acid functionalized silica particles confirmed the
successful conversion of amino groups to carboxylic acid due to the formation of a new peak
at 1721 cm™1 ascribed to the carbonyl groups. The amount of dye molecules attached to the
nanoparticle surface was determined by absorbance of functionalized nanoparticles (326 nm)
and compared to a standard UV-vis absorption curve of free NBD-COOH (Fig. S1b, ESIt).

A series of dye- and carboxylic acid-functionalized sNPs at low-, medium-, and high-density
were prepared, as shown in Table S1 (ESIt). Samples labeled ‘Entry 1" and ‘Entry 5° were
used as control groups to test the toxicity of functionalized sNPs to bacteria. Bare sNP (entry
1, Table S1, ESIt) and 100% fluorescent dye-surface functionalized sNP (entry 5, Table S1,
ESIT) demonstrated no detectable toxicity to either £. colior S. typhimurium. Dynamic-
light-scattering (DLS) (Fig. S3, ESIt) indicated the mean diameter of bare nanoparticles was
18.9 x 0.4 nm. The mean diameter of carboxylic acid coated-nanoparticles was 22.7 nm,
with an increase of 3.8 nmafter surface modification.

Synthesis of PMAA grafted SNPs was based on previous work.2122 Briefly, poly(zert-butyl
methacrylate) grafted SNPs were prepared by RAFT polymerization of fert-butyl
methacrylate mediated by 4-cyanopentanoic acid dithiobenzoate (CPDB) coated sNPs in
THF employing azobisisobutyronitrile (AIBN) as the initiator at 60 °C. The poly(zert-butyl
methacrylate) grafted sSNPs with dithiobenzoate moieties were treated with excess of AIBN
to remove the thiocarbonylthio groups, followed by deprotection of fert-butyl ester groups
via trimethylsilyl iodide or trimethylsilyl bromide treatment. The extremely large abundance
of carboxylic acid on the PMAA extending from the nanoparticles provides the capability
for complexation of enormous numbers of antibiotic molecules to a single nanoparticle.

Fig. S4(a—c) (ESIT) shows TEM images of poly(fert-butyl methacrylate) and PMAA grafted
sNPs, and reveals an excellent dispersion of nanoparticles after each step of chemical
modifications. The diameter of individual PMAA grafted sSNPs was approx. 30 nm diameter,
and consistent with AFM-based measurements (Fig. S4d, ESIT). Fig. S5 (ESIT) shows
thermogravimetric analyses (TGA) in nitrogen of PtBuMA, PtBuMA-grafted sNPs, and
PMAAgrafted sNPs. The weight loss for each sample was consistent with the grafting
density and chemical modifications across different grafting densities, and polymer
molecular-weights investigated in this study.2

TElectronic supplementary information (ESI) available: Antibiotic—nanoparticle complexes and experimental procedures. See DOI:
10.1039/c4cc04936e
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PenG was non-selectively complexed to monolayer carboxylic acid or PMAA grafted sNPs
via physical interactions. Basically, PenG was added to the water solution of monolayer
carboxylic acid or PMAA grafted nanoparticles for incubation at 28 °C with shaking for 3
hours. The PenG—nanoparticle complex was collected and separated from unbound PenG
using Amicon Ultra Centrifuge Filters. As a result, UV-vis binding studies were used to
determine PenG loadings (Fig. S6, ESIT). It was clearly observed that the conjugation of
PenG was gradually increased until achieving saturation at a given concentration of PMAA
grafted SNPs when increasing the loadings of PenG in the complex. In addition, the amount
of unbound PenG was increased when the loading of PenG was higher than the saturation
point (0.25 mM). Concurrently, the amount of particle-complexed PenG was constant, which
is ascribed to the saturation conjugation.

Standardized agar disk-diffusion assays and broth dilution approaches were used to measure
the antimicrobial activities of PenG and sNP-PenG complexes. The inhibition activity of
nanoparticle-complexed antibiotic was verified by its presence in the inhibition zones of agar
plates. Bare sNPs did not result in observable zones of inhibition. Free penicillin at a low
dose (2.5 pg) had an activity of 0 in both assays, while the nanocomplexed form of penicillin
with the same dose of PenG enhanced activities significantly (Fig. S7, ESIT).

The results (Fig. 2) showed that in disk-diffusion assays using Gram-negative bacteria (B, D
and 1), both PenG-complexed to monolayer carboxylic acid and to PMAA grafted
nanoparticles, exhibited much greater inhibition zones (>7 mm in B; >7.5 mm in D; >8 mm
in I) while inhibition zones of free-PenG were effectively 0 mm when the PenG
concentrations were low (B-G, 1, J). Differences in observed inhibition zones between
nanoparticlecomplexed PenG and free-PenG decreased when PenG concentrations were
increased. The same trends were also observed in tests using Gram-positive bacteria and
MRSA. The ability of PenG, when complexed to either monolayer carboxylic acid- or
PMAAnanoparticles, to inhibit MRSA strains (Fig. 2F, G) illustrates the increased
effectiveness of nanoparticle-complexed antibiotics. Minimum inhibitory concentrations
(MIC) for a variety of bacteria were calculated using reported protocols by determination of
the inhibition area (measuring the diameter and the depth of the agar).2425 As shown in
Table S2 (ESIt), MIC values indicated that PenG, when complexed to monolayer carboxylic
acid- or poly(methacrylic acid) grafted-nanoparticles exhibited strong antimicrobial
activities against both Gram-positive and Gram-negative bacteria, and even MRSA.

The disk-diffusion assays illustrate the high antimicrobial activity of the nanocomplexed
antibiotics against both Gram-negative and Gram-positive bacteria, especially antibiotic-
resistant MRSA. These results were surprising because PenG is not typically effective
against MRSA. The question emerges from our results: why do nanoparticle-complexed
antibiotics have increased antibacterial activity? In order to answer this question, control
groups of dye-labeled monolayer carboxylic acid and PMAA grafted sNPs were used to
conduct the same experiment as the SNP-PenG complex. It was found that these particles
did not show any activities to the Gram-negative and Gram-positive bacteria, including
MRSA. Thus, the real moiety which demonstrated the antimicrobial activity in the complex
is the complexed PenG.
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Beta-lactam antibiotics, such as PenG, work by interfering with the cross-linkage of
peptidoglycan, a major component of the bacterial cell wall.28 Resistant bacterial strains
often possess beta-lactamases, enzymes that specifically degrade the lactam structure and
render the antibiotic ineffective. In order to verify the resistance mechanism, we tested the
effects of nanoparticle-PenG complex on beta-lactamases by incubation of free PenG or
nanoparticle-complexed PenG (both on monolayer carboxylic acids and PMAA coated
sNPs) and £. coli (ATCC 25922) followed by the nitrocefin disk assays. Nitrocefin,
containing a beta-lactam ring, is a chromogenic cephalosporin and often used to rapidly
detect beta-lactamase.2’ Usually, nitrocefin solution is yellow with a UV-vis absorption peak
around 380 nm. Beta-lactamase hydrolyzes the beta-lactam ring of nitrocefin, resulting in a
color change from yellow (negative) to red (positive), with a corresponding UV-vis
absorption peak around 480 nm. Incubations with monolayer carboxylic acid coated SNPs
remained a yellow color, which indicated no- or little hydrolysis; while incubations with
PMAA resulted in a light yellow color, which reveal greater hydrolysis (Fig. S8, ESIT).
However, compared to the control group of free PenG on nitrocefin disk (no sNPs) that
resulted in a dark red color, incubations with the PenG—nanoparticle complexes generated
much less beta-lactamase. This low concentration of beta-lactamase leads us to hypothesize
that the binding of PenG on nanoparticle surfaces resulted in less recognition by the cell and
a lower generation of beta-lactamase.

Confocal scanning laser microscopy (CSLM) confirmed that exposure to nanoparticle-
complexed PenG resulted in cell death and low cell density. As shown in Fig. 3, cells
exposed to nanoparticlecomplexed PenG and free PenG (B-D) were less dense and
consisted of more dead (red fluorescent) cells than the control group (A), which consisted of
mostly live (green) cells. Exposure to nanoparticle-complexed PenG (B and C) resulted in
greater cell death than free PenG (D). Fig. 3(C) demonstrates that PenG-complexed to
carboxylated polymers on sNPs resulted in greater cell death and lower cell density than
PenG-complexed to monolayer carboxylic acids on sNPs (B). This result agrees well with
previous disk diffusion assays.

We hypothesize that another reason for the high antimicrobial activities is the locally high
concentrations of surface-attached antibiotic molecules on a nanoparticle. This effect has
been reported by other groups.28-31 This effect may overwhelm a targeted bacterial cell’s
ability to degrade the antibiotics using enzymes (/.e. beta-lactamases). In contrast, a typical
antibiotic, once solubilized, will diffuse to form a rather homogeneous dispersion of
molecules spread over bacterial cells, and results in a relatively lower concentration of
antibiotic molecules reaching a single bacterium. Our studies suggest that when antibiotics
are concentrated on a nanoparticle surface, they can supply a more locally-concentrated
dose. The ability of PenG to prevent bacteria from building a peptidoglycan layer weakens
the cell wall of the bacterium, which ultimately results in cell lysis.

In conclusion, we engineered carboxylic acid grafted silica nanoparticles (SNP) and
examined their abilities to bind and deliver antibiotics to bacterial cells. We show that when
a commonly-used antibiotic, penicillin-G, was linked to nanoparticles, their bacteriocidal
efficiencies were increased significantly. Therefore, much lower concentrations of the
antibiotic were needed to kill these bacteria under laboratory conditions. Additionally, when
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antibiotics are nano-linked, they become effective against antibiotic-resistant forms. And
lastly, the type of linkage of the antibiotic to the nanoparticle and the density of antibiotic
molecules linked to surface sites on the nanoparticle affect their efficacy. The beta-lactamase
experiment indicates that the binding of PenG on nanoparticle surfaces resulted in reduced
perception by the cell, lower generation of beta-lactamases, and thus a weakened defense.
The high antimicrobial activity suggests that when high concentrations of antibiotic
molecules are supplied to a bacterial cell (v/a a nanoparticle), the resistance mechanism(s)
may be overwhelmed, resulting in destruction of the microbial cell. Through manipulation of
their surface chemistry, nanoparticles can be used as efficient vehicles to allow antibiotics to
more efficiently pervade cells in a concentrated dose, and accomplish a pre-determined
task(s). A next major step lies in increasing the specificity of antibiotic-complexed
nanoparticles for predetermined bacterial targets.
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Fig. 1.
Structure of dye-labeled monolayer carboxylic acid and PMAA grafted silica nanoparticles
(sNPs).
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Inhibition activity of free-PenG (white), PenG-complexed to the monolayer carboxylic acids

on sNPs (black), and PenG-complexed to carboxylated polymers on sNPs (hatched), as

tested by disk-diffusion assays using B. cereus (A), P. aeruginosa (B), K. pneumoniae (C), P
vulgaris (D), E. aerogenes (E), S. typhimurium (F), CA-MRSA (G), HA-MRSA (H), E. coli

(D, and S. aureus (J).
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Fig. 3.
Confocal scanning laser microscopy images of bacterial cells (A) S. aureus, (B) S. aureus

exposed to complexed PenG on monolayer carboxylic acid coated sNPs; (C) S. aureus
exposed to complexed PenG on carboxylated polymer grafted sNPs; (D) S. aureus exposed
to free PenG (Scale bars: 50 um). The Pn—nanoparticles complexes (B and C) have equal
doses of PenG as the free PenG group (D).
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