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Abstract
This report describes the preparation of polyacrylate nanoparticles in which an N-thiolated β-lactam
antibiotic is covalently conjugated onto the polymer framework. These nanoparticles are formed in
water by emulsion polymerization of an acrylated antibiotic pre-dissolved in a liquid acrylate
monomer (or mixture of co-monomers) in the presence of sodium dodecyl sulfate as a surfactant and
potassium persulfate as a radical initiator. Dynamic light scattering analysis and electron microscopy
images of these emulsions show that the nanoparticles are approximately 40 nm in diameter. The
emulsions have potent in vitro antibacterial properties against methicillin-resistant Staphylococcus
aureus and have improved bioactivity relative to the non-polymerized form of the antibiotic. A unique
feature of this methodology is the ability to incorporate water-insoluble drugs directly into the
nanoparticle framework without the need for post-synthetic modification. Additionally, the antibiotic
properties of the nanoparticles can be modulated by changing the length or location of the acrylate
linker on the drug monomer.

The development of antibiotics for control of pathogenic bacteria has been of pressing need in
this era of drug-resistant infections.1 N-Methylthiolated β-lactams have recently been
identified in our laboratory as a new family of antibacterial agents active against
Staphylococcus bacteria, including methicillin-resistant Staphylococcus aureus (MRSA).2
The compounds have also displayed promising anticancer properties.3 Our recent studies have
suggested that these lactams exert their growth inhibitory effects on bacteria through a mode
of action that is distinctively different to that of other β-lactam antibiotics, and possess
structure-activity patterns unlike those already mapped for other β-lactam antibacterials such
as the penicillins. One of the major limitations in the potential application of these N-thiolated
β-lactam compounds, however, is their exceedingly low water solubility.4 Thus, we were
interested in identifying an effective drug delivery platform that would enhance the water
solubility of the lactams, without sacrificing inherent bioactivity.

Drug delivery vehicles such as liposomes and gold nanoparticles have been developed to
improve bioavailability, efficacy, and specificity of pharmaceutical compounds, particularly
for anticancer agents, but nanoparticles have received surprisingly little attention in the
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antibiotic and infectious disease area.5,6 Some of the few notable examples have included
antibiotic-encapsulated polymeric nanoparticles and liposomes,7,8 biodegradable
nanospheres,9,10 and surface-coated gold and silver nanoparticles.11-13 This report describes
the development of antibacterial polyacrylate nanoparticles based on well-precedented
emulsion polymerization procedures.

Scheme I.
In this process, the antibacterial drug is first converted to an acrylated derivative and then
dissolved to homogeneity in a liquid acrylate monomer (or mixture of compatible liquid
monomers) at 70°C. This mixture is then pre-emulsified in purified water containing 3% w/w
sodium dodecyl sulfate with rapid stirring (Scheme 1). The resulting homogenous solution of
micelles is then treated with potassium persulfate (1% w/w), a water-soluble radical initiator,
to induce free radical polymerization.14 The resulting emulsion is found to contain uniformly-
sized polyacrylate nanoparticles in which the drug monomer is covalently incorporated directly
into the polymeric matrix of the nanoparticle. A unique feature of this methodology is that the
nanoparticle emulsion containing the antibiotic agent is built from its monomer constituents
in one step, without the need for further chemical modification or derivatization. Furthermore,
the nanoparticles display potent antibacterial activity against MRSA.

For these studies, four N-thiolated β-lactam derivatives were selected for use as antibiotic drug
monomers in order to assess the effect of different lengths and locations of the acrylate linker
on the resulting nanoparticle size and anti-MRSA bioactivity (Fig. 1).

Lactam 1 was prepared as previously reported. 3 Compound 2 was synthesized in three steps
from hydroxy β-lactam 5 by O-acrylation and oxidative deprotection followed by N-
methylthiolation of the lactam (Scheme II).

Scheme II.
Conditions: a) acryloyl chloride, NaH, CH2Cl2, 85%; b) ceric ammonium nitrate, CH3CN,
H2O, 0 °C, 90%; c) N-methylthiophthalimide, CH2Cl2, Hunig's base, reflux, 82%.
Compound 3 was prepared in three steps from 3-hydroxy β-lactam 5 by carbodiimide coupling
of the alcohol moiety with mono-2-acryloyloxyethyl succinate, then N-aryl deprotection and
N-methylthiolation (Scheme III).
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Scheme III.
Conditions: a) mono-2-acryloyloxyethyl succinate, EDCI, DMAP, CH2Cl2, r.t., 77%; b) ceric
ammonium nitrate, H2O, CH3CN, 0 °C, 86%; c) N-methylthio phthalimide, CH2Cl2, Hunig's
base, reflux, 72%.
Bis-acrylated compound 4 was synthesized starting with p-hydroxybenzaldehyde and p-
anisidine, as shown in Scheme IV.

Scheme IV.
Conditions: a) CSA, CH2Cl2, rt; b) acetyl chloride, Et3N, CH2Cl2, 92% overall; c)
acetoxyacetyl chloride, Et3N, CH2Cl2, 65%; d) KOH, MeOH, acetone, 0°C, 92%; e) acryloyl
chloride, Et3N, CH2Cl2, 93%; f) ceric ammonium nitrate, CH3CN, H2O, 0°C, 84%; g) N-
methylthiophthalimide, Hunig's base, CH2Cl2 , reflux, 72%.2
Initially, N-methylthio β-lactam monomer 1 was subjected to emulsion polymerization
conditions using ethyl acrylate as a liquid acrylate monomer, which gave the desired emulsion.
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However, upon prolonged storage, this emulsion was found to be sensitive to aggregation and
precipitation. Consequently, we examined other combinations of acrylate monomers and found
that a mixture of butyl acrylate and styrene (in a 7:3 ratio by weight) afforded the most stable
emulsions. In each case, these emulsions contained the polyacrylate (20% by weight)
comprised of the bulk monomers and one of the acrylate lactams 1-4 (up to 5% by weight).
Purification of the emulsion was performed by continuous extraction using ethyl ether followed
by centrifugation on a low-speed benchtop centrifuge. The purification enabled minor
impurities such as excess surfactant or residual monomers to be removed without altering the
physical characteristics or the antibacterial activity of the nanoparticles in the emulsion.
Analysis of the emulsions of nanoparticles NP0-4 by scanning electron microscopy (SEM),
transmission electron microscopy (TEM), dynamic light scattering (DLS), and atomic force
microscopy (AFM) indicated the formation of spherical nanoparticles having a uniform
diameter of 30 to 50 nm (Fig. 2). The zeta potential of the emulsified nanoparticle solutions
registered between −50 and −70 mV, reflecting a high anionic charge on the nanoparticle
surface and high relative particle stability. Proton nuclear magnetic resonance (NMR) analysis
of the thin film produced by evaporation of the nanoparticle emulsions confirmed that
essentially all of the butyl acrylate, styrene, and beta-lactam components were incorporated
into the skeletal framework of the polymer during the polymerization.15

The emulsions of nanoparticles NP0-4 were evaluated for antibacterial activity against S.
aureus and MRSA by determining the minimum inhibition concentration (MIC) values in agar.
The monomeric acrylates of these compounds (1-4) were also examined for comparison. The
MIC values shown in Table 1 represent the lowest concentration of drug (in μg/mL) needed
to completely inhibit bacterial proliferation. The data revealed promising MIC's for the drug-
conjugated emulsions against both strains of S. aureus, but not for the control (non-drug-
conjugated) nanoparticles (NP0). Thus, only the emulsified antibiotic-conjugated
nanoparticles (NP1-4) were bioactive while the non-antibiotic-bound nanoparticles, NP0, were
completely devoid of antimicrobial activity.

The MIC data in Table 1 also indicates that the antibiotic-conjugated polyacrylate nanoparticles
NP1-4 had enhanced (four- to eight-fold) anti-MRSA activity compared to their acrylated drug
monomers 1-4. This heightened activity may be indicative of an increased bioavailability
(membrane permeability or enhanced local concentration) of the antibiotic agent as a
consequence of the nanoparticle serving as a delivery vehicle. Furthermore, antibacterial
activity of the nanoparticles can be altered by changing the location or the length of the acrylate
linker. Thus, positioning the acrylate functionality on the C3 center of the lactam monomer,
as shown for monomer 2, rather than on the C4 aryl moiety (lactam 1), produced nanoparticles
(NP2) that were two-fold more active against S. aureus. This activity was further enhanced by
extending the length of the C3 acrylate tether, as shown for NP3. The increase in biological
activity coincided with the relative levels of bioactivity of the two monomers. Also, NP4,
prepared from di-acrylated lactam monomer 4, showed the same anti-MRSA capabilities as
NP2, which was prepared from the monoacrylated monomer 2.16 This indicates that the
presence of two acrylate functionalities on the drug molecule versus only one does not perturb
the biological function or the physical properties of the resulting nanoparticle.

In vitro screens determined that these polyacrylate nanoparticles are non-toxic toward human
dermal fibroblasts, augmenting the known favorable characteristics and biocompatibilities of
polyacrylate biomaterials.14 Control experiments indicated that the nanoparticle emulsions
were completely stable for at least 24 hours at elevated temperatures (up to 60°C) and in blood
serum, as determined by dynamic light scattering and antibacterial screening (MIC analysis).
17
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In conclusion, these polyacrylate nanoparticle antibiotics, or nanobiotics, appear to be an
effective enhancer of activity for water-insoluble antibiotics such as N-methylthio β-lactams.
This study revealed several essential features of polyacrylate nanoparticles that further
illustrate their potential advantages as drug delivery platforms: 1) easy, one-step preparation
of antibiotic-conjugated polyacrylate frameworks in aqueous media; 2) facile control of
nanoparticle size in the 30-50 nm range; 3) ability to incorporate water-insoluble drugs directly
onto the polymer framework without the need for post-synthetic modification of the
nanoparticle; 4) enhanced anti-MRSA activity of the nanoparticle polymers versus the
nonpolymerized form of the drug; and 5) ability to alter bioactivity of the nanoparticle antibiotic
by changing the location or length of the acrylate linker. Ongoing studies in our laboratory are
focused on the synthesis and evaluation of nanoparticles for other drug classes and polymer
compositions, and on full characterization of their in vitro and in vivo properties.
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Figure 1.
N-Thiolated β-lactam acrylate monomers 1-4.

Turos et al. Page 7

Bioorg Med Chem Lett. Author manuscript; available in PMC 2008 January 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Atomic force microscopy (AFM) image of NP1 indicates that the nanoparticles are uniformly
spherical and between 30-50 nm in diameter.
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Table 1
Agar dilution MIC values of nanoparticle emulsions NP0-4 (1% w/w drug in the emulsion) and beta-lactam
monomers 1-4 against S. aureus (ATCC 25923) and MRSA (ATCC 43300).

Sample S. aureus MRSA
Nanoparticles

NP0 >256 >256
NP1 32 32
NP2 16 16
NP3 8 8
NP4 16 16

Lactam monomers
1 128 128
2 128 128
3 64 64
4 128 128

MIC values refer to the lowest concentration of bound drug (μg/mL) needed to completely inhibit bacterial growth for 24 hours. MIC determinations were
run in triplicate and the values obtained for each compound were invariant.
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