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ABSTRACT: As a rapid, controllable, and easily trans-
ferrable approach to the preparation of antimicrobial
nanoparticle systems, a one-step, light-driven procedure
was developed to produce asymmetric hybrid inorganic—
organic nanoparticles (NPs) directly from a homogeneous
Ag/polymer mixture. An amphiphilic triblock polymer
was designed and synthesized to build biocompatible NPs,
consisting of poly(ethylene oxide) (PEO), carboxylic acid-
functionalized polyphosphoester (PPE), and poly(L-
lactide) (PLLA). Unexpectedly, snowman-like asymmetric
nanostructures were subsequently obtained by simply
loading silver cations into the polymeric micelles together
with purification via centrifugation. With an under-
standing of the chemistry of the asymmetric NP
formation, a controllable preparation strategy was
developed by applying UV irradiation. A morphology
transition was observed by transmission electron micros-
copy over the UV irradiation time, from small silver NPs
distributed inside the micelles into snowman-like
asymmetric NPs, which hold promise for potential
antimicrobial applications with their unique two-stage
silver release profiles.

Asymmetric nanoparticles (NPs) have been investigated
extensively owing to their unique anisotropic features in
composition, morphology, and properties. ~® Throughout the
past three decades, a variety of strategies have been developed
for the synthesis of asymmetric NPs, e.g., surface modification
and compartmentalization.””'® The one-step fabrication of
well-defined asymmetric NPs in a straightforward and eflicient
manner, however, remains a c}lallengfe.17’18 Herein, through
rational design of the chemical structures of each segment, a
well-defined biocompatible amphiphilic polymer was prepared,
which was unexpectedly capable of generating snowman-like
asymmetric nanostructures from a homogeneous Ag/polymer
mixture. Moreover, based on our hypothesized mechanism for
the NP formation, an accelerated light-driven approach to
produce the asymmetric NPs was further developed.

Our initial intention was to construct biocompatible NPs
and load them with silver cations to serve as antimicrobial
nanomedical devices. Therefore, an amphiphilic triblock
polymer (Scheme 1) was designed and synthesized, consisting
of poly(ethylene oxide) (PEO), carboxylic acid-functionalized
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polyphosphoester (PPE), and poly(r-lactide) (PLLA) seg-
ments.'”*" In contrast to our earlier studies involving
PPEs,”"** a novel cyclic phosphotriester monomer, 2-ethoxy-
4-vinyl-1,3,2-dioxaphospholane-2-oxide (E4VP, Figure Sl1),
was designed. This monomer carried a reactive vinylic group
on the phospholane ring to allow for chemical modification of
resulting polymers, while avoiding the production of ethylene
glycol as a known toxic hydrolytic degradation product.

The amphiphilic polymer, mPEO ,5-b-PE4VP(COOH);,-b-
PLLA,,, was then prepared by a rapid organobase-catalyzed
one-pot sequential ring-opening polymerization (ROP) of
E4VP and i-lactide, with methoxy PEO (mPEO,s) as the
macroinitiator, followed by postpolymerization modification
with 3-mercaptopropionic acid via a photoinitiated thiol—ene
click reaction (Scheme 1, Figures S2 and S3). Importantly, the
PPE segment of the triblock terpolymer contained only a single
thioether and carboxylic acid at each repeat unit, giving weaker
interactions with metal ions, such as silver cations, relative to
our previously reported PPEs. The weaker interactions were
expected to render Ag/polymer mixtures more prone to
reduction.”> The amphiphilic polymer was capable of self-
assembling into spherical core—shell—corona micelles by direct
dissolution in MOPS buffer (pH = 7.4). As depicted in Figure
S4a, the transmission electron microscopy (TEM) image
displayed circular structures of the NPs with an average
diameter (D,,) of 17 + 3 nm. Dynamic light scattering (DLS)
showed a unimodal size distribution, with a number-averaged
hydrodynamic diameter (Dy(uumber) of 21 + 8 nm (Figure
S4b). The biocompatibility of the micelles was confirmed by
cytotoxicity studies against the RAW 264.7 mouse macrophage
cell line, which showed negligible cytotoxicity up to a
concentration of 750 ug/mL (Figure S4c).

Unexpected snowman-like asymmetric NPs were subse-
quently obtained, through simply loading silver cations into the
mPEO,;-b-PE4VP(COOH);-b-PLLA,, micelles followed by
purification of the NPs via centrifugation. The asymmetric NPs
consisted of two circular parts observed in the two-dimensional
TEM image (Figure la) with similar D,, of ca. 14 nm. Those
two domains exhibited different degrees of contrast under
TEM. The higher contrast portion of the asymmetric NPs in
the TEM image comprised metallic silver reduced from silver
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Scheme 1. Synthesis of Polymer 1, mPEQ,;-b-PE4VP;,-b-PLLA,,, Followed by Postpolymerization Modification via a Thiol—
Ene Click Reaction with 3-Mercaptopropionic Acid to Prepare Polymer 2, mPEQ -b-PE4VP(COOH)4,-b-PLLA,,
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Figure 1. Characterization of the composite Ag/polymer asymmetric
NPs prepared by loading silver cations into the polymeric micelles
followed by purification via centrifugation. EM images after drop
deposition onto carbon-coated copper grids with no staining: (a)
TEM; (b) HRTEM; (c) STEM; and (d) elemental (Ag) mapping by
EDX. (e) Number-, volume-, and intensity-averaged hydrodynamic
diameter histograms measured by DLS. AFM imaging after drop
deposition onto freshly cleaved mica and drying under ambient
conditions: (f) AFM image of many asymmetric NPs with one NP
selected for 3D view (g) and height profile analysis (h).

cations, as confirmed by high-resolution TEM (HRTEM,
Figure 1b) and energy-dispersive X-ray spectroscopy (EDX)
elemental mapping analysis (Figures 1d and SS). The region of
each asymmetric NP having lower contrast contained relatively
low amounts of silver and was expected to be composed
primarily of polymer material. Compared to the empty
micelles, DLS results indicated an increase of the Dy yymper)
to 31 & 9 nm for the composite Ag/polymer asymmetric NPs
(Figures le and $4b). The asymmetric nanostructure was
further confirmed by atomic force microscopy (AFM), which
revealed average heights of the two components to be 14 + 4
nm and 6 + 2 nm, respectively (Figure 1f-h). It is
hypothesized that parts of the silver cations were reduced to
form small silver NPs due to the relatively weak interactions,
which was triggered and accelerated by the centrifugation
process. The intrinsic flexibility of the polymer chain, indicated
by the low T, (= 20 °C) of the polymer, allowed for the

growth and fusion of the small silver NPs, accompanied by
phase separation, to form the asymmetric NPs. Meanwhile, the
peripheral hydrophilic PEO segment prevented further
aggregation/precipitation of the NPs.

With an understanding of the chemistry of the asymmetric
NPs, a more controllable preparation strategy was further
developed, taking advantage of the light sensitivity of silver
cations.”* Solutions of mPEQ ;5-b-PE4VP(COOH)y-b-PLLA,,
and silver acetate in MOPS buffer were mixed and allowed to
stir under UV irradiation (365 nm, 500 pJ/cm?) for 2, 4, 6, and
10 min, respectively. As characterized by TEM (Figures 2 and

4 min 6 min

Figure 2. TEM images of the mixture of polymer 2 and silver acetate
solutions in the MOPS buffer (pH = 7.4) and the mixtures irradiated
by UV for 2, 4, and 6 min, respectively. Scale bar: 100 nm.

S6) without staining, in the absence of UV irradiation and
without centrifugation, Ag/polymer NPs originating from
reduction of silver cations were rarely observed. After 2 min
of UV irradiation, small silver NPs appeared within the
frameworks of the micelles. A morphology transition from
small silver NPs distributed inside the micelles (2 min) into
snowman-like asymmetric NPs (6 min) was observed with
increasing irradiation time. However, large aggregates were
observed at >10 min UV irradiation, probably due to the
secondary hierarchical assembly of the asymmetric NPs arising
from the incomplete hydrophilic PEO shielding for the
reduced silver species (Figure S6). In comparison, under the
same conditions without the polymer as a stabilizing agent,
solutions of silver acetate in MOPS buffer did not generate
well-defined asymmetric NPs (Figure S7). Rather, macroscopic
precipitates formed in the solution within 1 d. The reduction
of Ag" into Ag” over time under UV irradiation was confirmed
by X-ray photoelectron spectroscopy (Figure S8).

The resulting asymmetric NPs were further evaluated by
determining their silver release profiles against nanopure water
to investigate the structure—property relationships (Figure S9).
Dialysis cassettes were used to monitor the decrease of silver

DOI: 10.1021/jacs.9b10205
J. Am. Chem. Soc. 2019, 141, 19542—19545


http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/jacs.9b10205/suppl_file/ja9b10205_si_001.pdf
http://dx.doi.org/10.1021/jacs.9b10205

Journal of the American Chemical Society

Communication

concentration upon dialysis against nanopure water (pH ca.
5.5—6). Under these conditions, it was expected that Ag* could
be released relatively quickly, whereas Asg0 would undergo
oxidation and be released over time.*> At 37 °C, the
asymmetric NPs showed an initial burst release (ca. 50%) of
silver within 2 h, followed by a more controlled and sustained
release of the remaining silver over ca. 2 d. In comparison,
complete release of silver from a silver acetate control solution
was observed within 1 h. The two-stage silver release profile
supported the observed asymmetric nanostructure, which is
also anticigated to be beneficial for the treatment of bacterial
infections.*®

In conclusion, a serendipitous observation led to the
development of a facile and rapid supramolecular assembly
combined with a light-driven approach to fabricate Ag/
polymer asymmetric NPs. Acceleration and control were
achieved by UV irradiation of Ag/polymer mixtures, with the
reaction progress depending on the extent of UV exposure.
The convenient synthesis and unique two-stage silver release
profile demonstrate the promise of these asymmetric NPs as
potential antimicrobial agents.
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