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ABSTRACT: We describe the preparation of cross-
linked, polymeric organic nanoparticles (ONPs) with a
single, covalently linked DNA strand. The structure and
functionalities of the ONPs are controlled by the synthesis
of their parent linear block copolymers that provide
monovalency, fluorescence and narrow size distribution.
The ONP can also guide the deposition of chloroaurate
ions allowing gold nanoparticles (AuNPs) to be prepared
using the ONPs as templates. The DNA strand on AuNPs
is shown to preserve its functions.

For two decades, DNA-functionalized nanoparticles (DNA-
NPs) have been intensely studied.1 In addition to being

excellent building blocks for nanoscale assembly,2 DNA-NPs
are well suited to biosensing and therapeutic applications.3

Despite this considerable progress, a remaining challenge is in
the preparation of DNA-NPs with a single DNA strand per NP.
The fabrication of desired nanostructures and subsequent
applications very much depends on NP valency.4 In particular,
better spatial control of NP assembly and improved sensing and
imaging results would benefit from a facile preparation of
monovalent DNA-NPs.5

Most of the strategies to prepare monovalent DNA-NPs
reported to date have focused on ligand exchange methods,
wherein a layer of loosely bound capping agents on the NP
surface is exchanged with DNA strands bearing a functional
end-group.6 The exchange process is followed by postsynthetic
purification using gel electrophoresis or anion-exchange
HPLC.7 One method to improve the yield of monovalent
products uses steric hindrance or surface-based masking
strategies that block part of the NP surface.8 Another approach
features bidentate or multidentate ligands that provide greater
stability in the resultant monovalent DNA-NP.9 These
approaches typically involve a difficult purification, but the
more traditional ligand exchange approaches have indeed
enabled gold NPs (AuNP), silver NPs (AgNP) and quantum
dots to be linked with a single functional DNA using metal−
thiol chemistry.5a,d,7a,9c Because the DNA functionality is
introduced after the formation of NP, a suitable surface
conjugation chemistry is a must for successful monovalent
DNA-NP synthesis and can be limiting in some circumstances.
In considering the challenges potentially encountered in

preparing monovalent DNA-NP by the above methods, it is

instructive to examine alternative methods of NP synthesis. For
example, it is possible to “cast” the NPs within a template or
“mold” with defined dimensions and function, such as a virus or
an organic, organometallic, or DNA cage.10 NPs have also been
prepared by metal deposition within metal−organic frameworks
and a wide range of polymers.11 Templated approaches expand
the generality of NP synthesis; however, controlling valency in
this manifold does not seem to have been examined, possibly
because the template surface is generally isotropic with multiple
reactive sites that may or may not remain linked to the NP.
Herein we describe a bottom-up strategy that features a facile

synthesis of monovalent DNA-functionalized polymeric organic
nanoparticles (DNA-ONPs) that in turn serve as templates for
the formation of monovalent metal NPs. The central idea is
that a polymer-based, bottom-up approach can guide the
synthesis of DNA-NP conjugates from the molecular level,
allowing control of particle valence. As illustrated schematically
in Figure 1, the approach relies on four key steps: (1)

copolymerization of functionally reactive and inert monomers
with a single reactive group at the chain-end, (2) intramolecular
cross-linking of the parent linear polymer leading to single-
chain collapse and formation of an ONP, (3) conjugation of a
single DNA strand to each ONP, and (4) metal deposition
using the DNA-ONP conjugate as a template. This approach
combines the inherent ease by which polymers can be end-
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Figure 1. Schematic showing the stepwise, bottom-up synthesis of
monovalent DNA-NP conjugate using single-chain block copolymer as
template.
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functionalized with newly developed methods for intra-
molecular cross-linking that produce a single chain polymeric
nanoparticle (SCNP) with well-defined dimensions and
suitable internal groups.
The first two steps paralleled our recently reported synthesis

of monofunctional ONPs (SCNPs), with some key mod-
ifications.12 Thus, as outlined in Figure 2, the linear polymer

consists of two blocks: a cross-linkable block that is the
precursor to the ONP framework and an inert block as a spacer,
allowing accessibility of the reactive end-group. The ring-
opening metathesis polymerization (ROMP) of norbornenyl
derivatives 1 (structures M1−3) mediated by Grubbs catalyst 2
afforded good control over the polymer and ONP size, and
allowed both block copolymer formation and the integration of
one or more fluorophores (fluorescein) as reporter groups.13

By using chain-transfer agent 3 and treating the resulting
polymer with tris[(allyloxy)methyl]-aminomethane (4), poly-
mer 5 with multiple side-chain alkene groups and a single
reactive end-group was obtained. It was subjected to ring-
closing metathesis (RCM) using Grubbs catalyst 6 and the
multiple double bonds of the resultant ONP were dihydroxy-
lated followed by deprotection of the diol and fluorescein
diacetate moieties to afford water-soluble ONP 7 with a single
azide group per particle. Synthetic intermediates and products
were characterized by GPC and NMR (Figure S1 and S2), with
data and observations consistent with the proposed structures
and the previously reported results.12b

ONP 7 was further characterized by transmission electron
microscopy (TEM). Both negatively stained and bright-field
TEM images (Figure 3a and S3) showed the ONP to be

roughly spherical with a diameter of ca. 15−20 nm. The ONP
sizes were further confirmed by atomic force microscopy
(AFM) (Figure 3b and S4). The use of the fluorescein-
containing monomer M2 produced fluorescent ONP that could
be observed both by the fluorescence spectroscopy and
microscopy (Figure S5).
To conjugate DNA to the monovalent ONP in high yield,

the highly efficient, strain-promoted azide−alkyne cyclo-
addition14 was utilized (Figure 3c). A dual-functionalized
DNA strand with 5′-AlexaFluor 594 (Alexa594, λem = 617 nm)
and 3′-thiol was used in the following studies. The DNA strand
consists of an 18-base sequence designed for hybridization and
a 20-base oligo-T as spacer (5′-Alexa594-M18bT20-SH-3′).4c The
3′-thiolated DNA was first reacted with azadibenzocyclooctyne
(ADIBO)-maleimide, giving an ADIBO-functionalized DNA
oligonucleotide (Figure S6) that was then incubated with
excess ONP-N3 7 to generate the desired 1:1 conjugate
(monovalent DNA-ONP). The monovalent DNA-ONP was
conveniently purified by removing unreacted ONPs with a

Figure 2. Scheme showing structures of the functional monomers and
the detailed, ROMP-based synthesis of monovalent ONP-N3. 2 and 6
= Grubbs catalysts (3rd and 1st generation). 4 = tris[(allyloxy)-
methyl]aminomethane.

Figure 3. (a) Negatively stained and bright-field (inset) TEM images
of azido-ONPs. Scale bar = 50 nm. (b) AFM images of ONPs. (c)
Scheme showing the DNA-ONP conjugation chemistry. (d) Elution
profiles of the mixture of DNA and ONP, and the DNA-ONP
conjugate. (e) TEM images of heterodimers from monovalent DNA-
ONP and 10 nm AuNP. (f) Fluorescence titration plot showing
approximate 1:1 ratio of DNA to ONP in the conjugates.
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weak anion exchange column, followed by removing unreacted
DNA using an Amicon centrifugal filter.
The resulting monovalent DNA-ONP conjugate showed a

strong fluorescence emission at both 617 nm from Alexa594
DNA and 522 nm from the fluorescein unit inside the ONP,
(Figure S7). To demonstrate further that the DNA and ONP
were covalently linked, the anion exchange elution profiles of
the monovalent DNA-ONP and a simple mixture of DNA and
ONP were compared (Figure 3d). The charge-free, fluorescein-
loaded ONP in the mixture was first eluted by a low-salt citrate
buffer and readily observed in the green channel, whereas the
anionic Alexa594 DNA oligonucleotide could only be eluted
with a 2 M NaCl solution, observed in the red channel. In
contrast, the monovalent DNA-ONP conjugate showed a
single, coincident peak in both green and red channels when
eluting with a 2 M NaCl solution. The formation and stability
of the monovalent DNA-ONP conjugate was further supported
by agarose gel electrophoresis (Figure S8 and S9) and confocal
microscopy (Figure S10). In the agarose gel image, the
monovalent DNA-ONP showed a sharper band in both green
and red channels arising from emission from the fluorescein
unit inside the ONP and the Alexa594 DNA. A similar gel
pattern was observed after incubating DNA-ONP with 5 mM
glutathione (GSH), indicating the chemical stability of the
conjugate against GSH (Figure S9). Colocalization of the two
fluorescence emissions was also observed by confocal
microscopy (Figure S10). Finally, ζ-potential measurements
indicated the monovalent DNA-ONP to be more negatively
charged (−2.6 mV) than the ONP-N3 (1.2 mV) (Figure S11),
again supporting the DNA-ONP linkage.
DNA hybridization offers an excellent orthogonal binding

motif that has been useful for programming NP assembly.15 To
test whether the M18bT20-bearing monovalent DNA-ONP is
indeed functional for NP assembly, it was mixed with 10 nm
AuNPs conjugated with DNA strands that contain a
complementary sequence to M18b. Although the ONPs exhibit
a much lower contrast than the AuNPs, heterodimers are
clearly observed by TEM (Figure 3e). A more quantitative
determination of the ONP/DNA ratio was carried out by
fluorescence titration using a complementary DNA strand with
Black Hole Quencher 2 (M18a-BHQ2). As shown in Figure 3f,
the fluorescence intensity of the Alexa594 on the DNA-ONP
conjugate decreases with increasing the molar ratio of the M18a-
BHQ2 over DNA-ONP, with the slope of the titration curve
reaching a transition point. A fit of the data indicates a
stoichiometric ratio of ca. 0.82, supporting the preparation of a
monovalent DNA-ONP. The 18% error might be attributed to
error in ONP concentration determination and the incomplete
hybridization of DNA on ONP surface.
The ONP scaffold is highly porous with a MW of ca. 50 kDa

and a size of ca. 15−20 nm (determined by TEM). The
intrinsic porosity and large number of weakly coordinating diol
and amide groups,16 made the ONP an ideal template for the
growth of functional metal NPs. Compared to a number of
other nanoscale templates, the ONP allows both a scalable
synthesis and a controllable, well-defined size. Thus, the
chemical nature of the ONP facilitates the nucleation and
growth of AuNPs within the porous scaffold upon the addition
of a reducing agent. The synthesis of a monovalent AuNP and a
possible mechanism is shown schematically in Figure 4a.
To study the templated synthesis process, a qualitative

kinetic study was carried out by monitoring both the formation
of AuNPs using their UV−vis absorption at 540 nm and the

loss of the ONP using the decrease in fluorescence emission at
520 nm. Indeed, both events occurred contemporaneously
(Figure 4b and S12), supporting the notion that Au deposits
onto the ONP scaffold, leading to loss of the fluorescein
fluorescence (Figure S13). Using ascorbic acid as the reductant
afforded similar results, but with faster kinetics (Figure S14).
The templated AuNPs (AuNP@ONP) using sucrose as the
reducing agent showed a regular, roughly spherical morphology
with an average diameter of ca. 18 nm, which compares well to
the size of the ONP template used (Figure 4c and S15). The
AuNP@ONP also showed stability against NaCl up to ca. 100
mM (Figure S16). Scanning transmission electron microscopy
(STEM) showed a similar NP morphology and size with
energy-dispersive X-ray spectroscopy (EDX) elemental map-
ping confirming the Au composition (Figure 4d and S17).
Without the ONP template present, large Au structures (>1
μM) with irregular surfaces were formed (Figure S18).
The controlled metal growth process was intended to be

mediated exclusively by the ONP and within the polymer
scaffold, allowing the DNA to remain functional on the surface
of the AuNP@ONP. The ability of the DNA strand to pair
functionally was tested in several experiments using a 15−20
nm AuNP@ONP prepared according to Figure 4a. First, the
presence of the DNA strand was supported by the observation
of colocalization of AuNP darkfield scattering and DNA
fluorescence emission (Figure S19). More importantly, DNA-
directed formation of AuNP dimers was observed upon mixing
the AuNP@ONP and 10 nm AuNPs conjugated with

Figure 4. (a) Scheme showing a possible mechanism for the templated
mono-DNA AuNP@ONP synthesis. (b) Kinetic study of the AuNP
formation using UV−vis and fluorescence spectroscopy. (c) TEM
images of the AuNP@ONP. (d) STEM and EDX element mapping
images of AuNP@ONP. (e) Hybridization-mediated heterodimeriza-
tion using the mono-DNA AuNP@ONP with commercial 10 nm
AuNP functionalized with complementary DNA strands. (f)
Fluorescence titration plot of mono-DNA AuNP@ONP.
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complementary DNA strand in ca. 1:1 ratio (Figure 4e and
S20). Finally, fluorescence titration experiments analogous to
that used with the ONP (see Figure 3f) further demonstrated
the functionality of the monovalent AuNP@ONP. Thus, the
addition of the complementary DNA strand containing a
quencher M18a-BHQ2 led to a decrease in fluorescence
intensity of monovalent AuNP@ONP (Figure 4f). A fit of
the data suggests a transition point at ca. 23 fmol of added
quencher, which correlates well with the calculated number of
18 nm AuNPs based on the overall amount of chloroauric acid
added (see SI for details of the calculation), supporting the
preparation of a monovalent DNA-AuNP@ONP.
Described herein is a new approach to prepare organic and

AuNPs with a single functional DNA strand. The precise
control over the polymer scaffold and functionality that allows
independent and simultaneous control over several essential
parameters, such as MW and monovalency, is generalizable and
could possibly be extended to nanoparticles with other metal
compositions and different sizes. Indeed, the bottom-up
strategy has several advantages over conventional methods
and should be applicable to even more complex functional
architectures.
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