1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
JAm Chemn Soc. 2011 July 27; 133(29): 11046-11049. doi:10.1021/ja203133h.

Orthogonally dual-clickable Janus nanoparticles via a cyclic
templating strategy

Shiyi Zzhang™#, Zhou LiT#, Sandani Samarajeewa’, Guorong Sun', Chao YangT, and Karen
L. Wooley™#*

TDepartments of Chemistry and Chemical Engineering, Texas A&M University, College Station,
Texas, 77842

*Department of Chemistry, Washington University in St. Louis, St. Louis, Missouri, 63130

Abstract

Synthetic asymmetrical systems, Janus particles and patchy particles, are capable of undergoing
hierarchical assembly processes that mimic those of Nature, to serve as switchable devices, optical
probes, phase-transfer catalysts and multi-functional drug carriers, each of which benefits from
opposing surface patterns behaving differently. Production of nanometer-sized Janus particles that
are equipped with efficient chemistries remains a challenge. A robust Janus-faced polymer
nanoparticle framework that presents two orthogonally click-reactive surface chemistries, has been
generated by a recyclable strategy that involves reactive functional group transfer by templating
against gold nanoparticle substrates. This anisotropic functionalization approach is compatible
with a wide range of soft materials, providing Janus nanoparticles for the construction of dual-
functionalized devices by accurately controlling chemical functionality at the nanoscopic level.

Inspired by the many selective, hierarchical assembly processes that afford complex
materials in Nature, the directional organization of Janus particles into complex structures
has attracted much attention.12 Beyond fundamental studies, the differentiation of
chemistries across the surface regions of Janus nanoparticles could lead to their development
as components in the construction of switchable devices,3 optical probes,# phase-transfer
catalysts,> multi-functional drug carriers,® and other applications, each of which could
benefit from the different surface functionalities being featured in an efficient and
orthogonal way.” During the past decade, “click chemistry”® has provided a library of
chemical reactions for the preparation and functionalization of new soft materials, based on
robust, efficient, and orthogonal chemistries.® At the current stage, limited approaches are
available for the production of microscopic Janus particles carrying one kind of click
chemistry for efficient chemical modification.1911 As we have a keen interest in highly
complex nanomaterials, we have developed an economically-efficient, cyclic strategy to
produce nanoscopic Janus particles that bear two kinds of clickable surface functional
groups (thiol and azide), while also being comprised of an amphiphilic core-shell
morphology, illustrated in Fig. 1, A. Therefore, the differentiations of chemistry proceed
about the external surface of the nanoparticles and also concentrically within their internal
region.

The cyclic nano-patterning process involved covalent attachment of pre-established
amphiphilic core-shell polymer nanoparticles (shell crosslinked knedel-like (SCK)

Corresponding Author Tel. (979) 845-4077 Fax (979) 862-1137, wooley@chem.tamu.edu.

Supporting Information. Detailed experimental section, TEM images, AFM images, DLS histograms, and ref 2f full author listing.
This material is free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 2

nanoparticles) onto inorganic nanoparticle substrates, followed by their displacement by a
manner that resulted in the chemical modification of the contact portion of the SCKs, with
coincident regeneration of the template (Figure 1a). In the first step of this cycle, the
uniformly azide-functionalized polymer nanoparticles (D, = 22 = 3 nm) were attached onto
alkyne-functionalized gold nanoparticles (GNPs) (Dy = 46 £ 6 nm) to form hybrid
nanoclusters by aqueous click reactions (Figure 1b). After separation (step 2, Figure 1c), the
SCKs were detached from the GNPs with the assistance of ligand exchange by breaking the
Au-S bonds (step 3) and replacing the consumed alkynyl ligands. The resulting azide-
functionalized SCKs contained a patch of thiol groups (with the possibility of residual azides
also being present within this templated domain); meanwhile, the alkyne-functionalized
GNPs were recovered and recycled as multi-use nano-templates (step 4). The anisotropic
distribution of thiol groups on the SCK surfaces and the orthogonality of the two clickable
functionalities were then demonstrated.

By our approach, preparation of the Janus nanoparticles within the desymmetrization cycle,
in which thiol groups were introduced onto one surface of the azide-functionalized SCKs by
covalent transfer of alkyne-oligo(ethylene oxide)-thiol units from the GNPs, required
establishment of each of the GNP template and the functionalizable SCK. The alkyne-OEO-
thiol-functionalized GNPs that serve as the clickable template were prepared (Scheme. 1a)
according to a previously reported well-established protocol.12 We also prepared its
counterpart (see methods), the azide-functionalized SCKs (Scheme. 1b) through self
assembly of amphiphilic poly(acrylic acid)-block-polystyrene (PAA1p5-b-PS135) block
copolymers in water, followed by azide functionalization and intra-micellar crosslinking.
The post-micellization chemical modification technique using hydrophilic ethyleneoxy
repeating units of 11-azido-3,6,9-trioxaundecan-1-amine was chosen to increase the
flexibility and availability of azide functionalities on the surface of the micelles and SCKs.
Azide-functionalized micelles were then crosslinked, to afford the robust SCKs, which are
stable,13 biocompatible,1* and capable of being loaded with hydrophobic guest molecules
for controlled release purposes.1®

Although click chemistry has been widely used in bio- and nano-science technologies, there
are few examples?8 in which two kinds of nanoparticles act as substrates. Click reactions
carried out between azide-functionalized SCKs and alkyne-functionalized GNPs represent a
new direction to engineer surface-functionalized nanostructures toward tailor-made complex
architectures with hybrid composites in the field of nanotechnology. Due to the multi-
functional nature of the two nanoparticle surfaces, crosslinked networks were generated
initially by Cu-catalyzed azide/alkyne cycloaddition (CUAAC) reactions (Supplementary
Fig. S1). For instance, visible precipitation was observed when a near 1:1 ratio of clickable
nanoparticles was allowed to undergo reaction, whereas interparticle crosslinking was
suppressed when the feed ratio of SCKs to GNPs was increased to ca. 500:1. As a result,
those SCKs that were attached to GNPs had only one surface binding to the GNPs. The
transmission electron microscopy (TEM) images clearly showed hybrid nanocluster satellite
structures,1” consisting of one GNP surrounded by several SCKs, together with populations
of unbound SCKs (Fig. 1b). It is noteworthy that the binding capacity of SCKs onto GNPs
allows for production of dual-clickable Janus SCKs at levels that far exceed the quantity of
materials and cyclability than could be achieved on a planar two-dimensional substrate.18 It
is calculated that as many as 27 SCKs can be accommodated onto each GNP, according to
the geometry and relative size of these two particles (Supplementary Fig. S2). The hybrid
nanoclusters could be isolated from unbound SCKs by ultracentrifugation (Fig. 1c and Fig.
S3, S4). The recovered SCKs were then collected and purified by dialysis for recycling.

The hybrid nanoclusters were then dismantled to provide the dual-clickable Janus SCKs and
to regenerate the nano-template alkyne-functionalized GNPs. During the ligand-exchange
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reaction,1® SCKs were detached from GNPs after excess alkyne-OEO-thiol was added. After
Au-S bonds in the hybrid nanoclusters were broken, the detached SCKs contained a patch of
thiol functionalities. Ultracentrifugation was applied to separate the Janus-faced SCKs
(JSCKSs) from the alkyne-functionalized GNPs by taking advantage of their different
densities. Each step of the desymmetrization cycle was monitored by ultraviolet-visible
spectroscopy (UV-vis) measurements of the gold surface plasmon resonance band in the
solution, which reflects the surface functionality of GNPs. As observed from UV-vis,
dynamic light scattering (DLS) and TEM (Fig. S5), the recovered alkyne-functionalized
GNPs were of comparable size, shape and surface functionality to the freshly-synthesized
GNPs. The recovered alkyne-functionalized GNPs were, therefore, reused to desymmetrize
another batch of SCKs. This cyclic approach (Fig. 1a) greatly enhances the atom efficiency
of the solid phase synthesis strategy, which is widely used to desymmetrize and regionally
functionalize microparticles and nanoparticles,29 and has a potential for large scale synthesis
of Janus nanoparticles by using recyclable nanoscopic templates rather than singly-used
templates. In our approach, as the nano-template can be recovered and reused in an
economical cyclic manner, it can be applied to other soft matter particles with various sizes
and compositions.

To confirm the anisotropic distribution of thiol groups on the resultant JSCKSs, the thiol-
functionalized regions of JSCKs were labeled with 2 nm citrate-stabilized GNPs. As
revealed by TEM analyses (Fig. 2a), a relatively high population of JSCKs, 72% by
counting more than 100 JSCKs, was attached to one or two 2 nm GNPs on one side, where
thiol functionalities were expected. These TEM images strongly suggest the Janus nature of
JSCKs and confirm the anisotropic distribution of thiol functionalities. Additionally, these
JSCKs were found to undergo attachment of three or even more GNPs on one surface
(Supplementary Fig. S7). Negative and positive control experiments were conducted based
upon uniformly azide- or thiol-functionalized SCKs, respectively.2! The negative control
experiment demonstrated that citrate-stabilized GNPs did not interact favorably with azide-
functionalized SCK nanoparticles (Fig. S6, b and €). In the positive control experiment,
thiol-functionalized SCKs had strong tendency to form aggregates and undergo
precipitation, due to the formation of disulfide bonds between SCKs upon oxidation;22 in
contrast, JSCKs showed no precipitation as a result of only few thiol groups functionalized
on one side of each nanoparticle. Meanwhile, the GNPs were attached onto multiple places
of homogeneously thiol-functionalized SCKs, but didn’t undergo close-packing to cover the
entire surface (Fig. S6, ¢ and f). These phenomena can be attributed to steric effects and
static repulsion among GNPs. Therefore, it is expected that there are more thiol groups on
the JSCKs than it appears.

Two types of click reactions were conducted, CUAAC and thiol-maleimide Michael
addition, to demonstrate the presence and chemical availability of azide and thiol groups on
the JSCKs. Alkyne-functionalized fluorescein was conjugated onto the residual azides of the
JSCKs in the presence of CuSO,/sodium ascorbate catalyst in water, followed by installation
of thiol-reactive BODIPY 577/618 maleimide onto the thiol-functionalized patches on the
JSCKs, by reaction in sodium carbonate buffered solution. After removal of the excess
unreacted dyes, the presence of the two click-reactive dyes coupled onto JSCKs was studied
by pH-dependent fluorescence experiments (Fig. 3) and their amounts were quantified by
UV-vis spectroscopy.22 The ratio of fluorescein to BODIPY was calculated as 5:1, which
indicated that ca. 17% of the azide groups on the SCKs were substituted by thiol groups,
under the assumption of quantitative conversion and yield for the click reactions.24 Such
orthogonality and efficiency of click chemistry together with the Janus nature will allow for
precise functionalization of polymer nanoparticles with targeted biological moieties, such as
peptides, proteins, enzymes, and viral systems, to produce multifunctional synthetic
polymer-biological chimeras for sophisticated applications. This JSCK system is currently
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being extended to load with a pair of FRET dyes, which will provide additional information
to further understand the distribution of azide and thiol groups.

In comparison to SCKs, the results of click reaction between azide-functionalized micelles
and alkyne-functionalized GNPs were unsatisfactory. As illustrated by TEM imaging (Fig.
S8a), five days after micelles were attached onto GNPs, the boundaries between different
micelles became indistinct and eventually disappeared to form a polymer layer coated on the
GNPs.25 The polymer encapsulated GNP aggregates may be responsible for the red shift
observed in UV-Vis spectra and micron-sized particle distribution as detected by DLS
(Supplementary Fig. S8, b and c¢). Upon adsorption and attachment of the polymer micelles
onto the GNPs, the changes in local concentration and surface forces serve as stimuli to
trigger the disassembly and reorganization of block copolymers. Therefore, the micelles
could be taken no further in the process toward Janus nanostructures. The robustness should
be taken into consideration when engineering self-assembled nanostructures toward
hierarchical architectures. Chemical cross-linking is an efficient protocol to overcome this
impediment and facilitate the “bottom-up” fabrication of self-assembled nanostructures.26

In summary, we have demonstrated a novel, efficient and cyclic approach to construct
orthogonal dual-clickable Janus nanoparticles, through a desymmetrization cycle based on
complementarily reactive nanoscopic templates and covalent pattern transfer. The
robustness of nanostructures is critical in this approach. This strategy can be further
expanded as a general route to desymmetrize and dual-functionalize a large family of soft
matter nanoparticles for anisotropic modification toward complex devices.
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a, Schematic representation of the overall strategy. b, TEM image of hybrid nanoclusters,
consisting of one GNP surrounded by several SCKs, and an excess of SCKs, after the first
step click reaction. ¢, TEM image of isolated hybrid nanoclusters after removal of unbound

SCKs by ultracentrifugation. Scale bars: 100 nm.
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Fig. 2.
a, TEM image of JSCKSs labeled with 2 nm GNPs. b, Schematic representation of JSCKs
labeled with GNPs. Scale bar: 100 nm.
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Fig. 3.

a, pH-dependent fluorescence spectrum (Aox = 488 nm) of JSCKSs labeled with alkyne-
functionalized fluorescein and thiol-reactive BODIPY 577/618 maleimide, showing the
presence of fluorescein. b, pH-dependent fluorescence spectrum (Agx = 577 nm), showing
the presence of BODIPY 577/618 maleimide. The chemical structures of each of the
conjugated dyes are shown above the corresponding spectra.
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a, Preparation of alkyne-functionalized gold nanoparticle templates. b, Preparation of azide-
functionalized SCKs.
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