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Multifunctional nanoarchitectures from
DNA-based ABC monomers
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The ability to attach different functional moieties to a mole-
cular building block™? could lead to applications in nano-
electronics®, nanophotonics?, intelligent sensing® and drug
delivery®”’. The building unit needs to be both multivalent and
anisotropic, and although many anisotropic building blocks
have been created"®'%, these have not been universally appli-
cable. Recently, DNA has been used to generate various nano-
structures™"7 or hybrid systems'®-25, and as a generic building
block for various applications?6-30, Here, we report the creation
of anisotropic, branched and crosslinkable building blocks (ABC
monomers) from which multifunctional nanoarchitectures have
been assembled. In particular, we demonstrate a target-driven
polymerization process in which polymers are generated only
in the presence of a specific DNA molecule, leading to highly
sensitive pathogen detection. Using this monomer system, we
have also designed a biocompatible nanovector that delivers
both drugs and tracers simultaneously. Our approach provides
a general yet versatile route towards the creation of a range of
multifunctional nanoarchitectures.

In this work we have developed a modular (‘plug-and-play’)
approach to constructing a multifunctional nanoarchitecture from
an ABC monomer building block. To create the ABC monomer,
branched, Y-shaped DNA (Y-DNA) conjugated with different moi-
eties served as the modular donor and X-shaped DNA (X-DNA) was
used as the core acceptor molecule (Fig. 1). Anisotropy was achieved
by designing unique DNA sequences at the end of each branch of the
core X-DNA. Because of the freedom in synthesizing any desired
DNA sequence at any position, the diversity of anisotropy (from
different sequences) is practically unlimited. Multifunctionality
was realized by the specific connection of different donor Y-DNA
onto the same acceptor X-DNA. Single-stranded bridge DNA with
a sequence complementary to both acceptor and donor sequences
was used to connect the Y-DNA to the X-DNA. To simplify the
notation, we named each unique end-sequence as West, North and
East based on the branch orientation (designated W, N and E for
Y-DNA and W/, N' and E' for X-DNA, with subscript i used sometimes
to distinguish different sequences; Fig. 1). The bridge DNAs were
notated correspondingly (w, # and e in lower-case letters).

Because of the built-in modularity, the type of moiety that can
be linked to the core is virtually unrestricted. To build up a multi-
functional polymer from ABC monomers, we designed different
modules separately including DNA capture probes, fluorescent
dyes, quantum dots and gold nanoparticles (AuNPs, not shown in
this paper; for DNA sequences see Supplementary Tables S1, S2).
In addition, by incorporating a polyethylene glycol monoacrylate
(PEGA) moiety onto the Y-DNA (see Supplementary Figs S1-S3),
we further introduced a new capability for photo-crosslinking

(for sequences, see Supplementary Table S3). The resulting ABC
monomers, now with multiple and varying functional groups, can
thus be photo-polymerized using the built-in photoreactive groups.

To demonstrate the precision of our approach, we created ABC
monomers that carried different fluorescence dyes at a predeter-
mined ratio within a single monomer (for scheme, see
Supplementary Fig. S4a). The monomers were characterized using
gel electrophoresis (Fig. 2a, b; see also Supplementary Fig. S4b),
which revealed that the fluorescence colours of the ABC monomers
corresponded to the various combinations of donor Y-DNAs.
Without adding the bridge DNA, only unconnected green donor
Y-DNAs were shown (Fig. 2b, lane 1). Unreacted acceptor
X-DNAs, which carried no fluorescence dyes, were dark and
undetectable but could be seen upon staining with a DNA-specific
dye (ethidium bromide; see Supplementary Fig. S4b). After the w
bridge DNA was added to the reaction, a single green band with
retarded electrophoretic mobility could be observed (Fig. 2b, lane 2),
suggesting that (i) the green fluorescence dye was exclusively
attached to the West branch of the X-DNA (X-W') and (ii) the pro-
duct was monodispersed. Similar results were obtained with fluore-
scence dye attached to the East and North branches of the X-DNA
after adding e and n bridge DNA (Fig. 2b, lanes 3 and 4, respect-
ively). To link two different configurations of fluorescence dyes sim-
ultaneously onto two different branches of a single X-DNA, we
added two bridge DNAs simultaneously (Fig. 2b, lanes 5-7). By
adding all three bridge DNAs, all three different donor Y-DNAs
were anisotropically linked onto the X-DNA simultaneously
(Fig. 2b, lane 8) in a controlled fashion. This approach is robust
and efficient; the estimated yield of ABC monomers is close to
90%, as estimated by densitometry.

To characterize the ABC monomer at the individual molecule
level, we generated donor Y-DNAs tethered with two different
colours of quantum dots to be linked onto X-DNA (see
Supplementary Figs S5, S6a). Quantum dots were selected because
they were individually detectable by means of scanning trans-
mission electron microscopy (STEM). In addition, quantum dots
were also visible at both the bulk and solution scales through their
intrinsic fluorescence (see Supplementary Fig. S6b, c). As seen in
Fig. 2¢, the three quantum dots within one ABC monomer were
obviously tethered together and were at the expected distance from
one another (see Supplementary Fig. S7). These images reveal that
different multi-moieties were individually and anisotropically
placed accurately within one ABC monomer.

To synthesize multifunctional nanoarchitectures from an ABC
monomer we designed each ABC monomer to have two quantum
dots with three different colour configurations (2G, 1GI1R or 2R;
see Supplementary Fig. S8), one photo-responsive PEGA moiety,
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Figure 1| Schematic of the assembly of an ABC monomer and target-driven photo-polymerization. Multiple moieties are conjugated on Y-DNA donors.
The functionalized Y-DNAs are then connected to corresponding end-sequences of acceptor X-DNA to form the ABC monomer. The bridge DNA glues the
donor and acceptor together. To perform photo-polymerization, ABC monomers 1and 2 are linked together through hybridization with a complementary

linker DNA. These ABC monomers (1+ 2) are then photo-polymerized.

and one single-stranded oligonucleotide probe that was comp-
lementary to a specific pathogen DNA such as SARS coronavirus,
Ebola virus or Bacillus anthracis (this unique DNA is termed the
‘capture probe’; see 1A and 1B in Fig. 3a and Supplementary
Table $3). Consequently, an ABC dimer formed only in the presence
of a targeted pathogen DNA because the pathogen DNA now served
as a complementary linker DNA to link the two ABC monomers 1A
and 1B together (see 2 in Fig. 3a). Following a short UV illumina-
tion (10 min), photo-crosslinking occurred with the dimers but not
with the monomers (Fig. 3a, species 3). In other words, we have suc-
cessfully developed a ‘target-driven’ polymerization where polymers
(diblock co-polymers in this case) can only be synthesized in the
presence of a specific target DNA. To the best of our knowledge,
this is the first time that a polymerization process has been designed
to be dependent on the presence of a pathogen DNA. This novel
polymerization approach can be used to generate detectable poly-
mers for pathogen sensing.

We used atomic force microscopy (AFM) to image the morphology
of the pathogen-target-driven polymer. The image in Fig. 3b shows
that the polymerized ABC monomers were nearly spherical.
Dynamic light scattering (DLS) measurement revealed that the
average diameter was 410+70nm (Fig. 3c). Interestingly, the
polymerization efficiency was very high, as shown by the lack of a
monomer peak post-polymerization (see Supplementary Fig. S9a).
In addition, the diameters of the resulting polymeric spheres can
be further controlled by varying the concentrations of the starting
ABC monomer (see Supplementary Fig. S9b). Because each
monomer contained two specific quantum dots with a predetermined
ratio (1G1R), the formation of the target-driven polymers was
further evaluated by both bright-field and epi-fluorescence optical
microscopy (Fig. 3d, e). The overlay of the bright-field and fluor-
escence images in Fig. 3e confirms again that the polymeric spheres
were generated from ABC monomers due to the unique 1G1R
fluorescence ratio.
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As well as being able to link several hundred quantum dots
together and thus effectively amplify signals from a single target-
binding event, each target-driven polymer also contains a unique
fluorescence code with a specific ratio of green and red; this
feature makes it possible to detect multiple targets simultaneously.
Here, three different pathogen DNAs (SARS, Ebola and Anthrax)
were used as target DNAs (for sequences see Supplementary
Table S3). We first added an ‘unknown’ DNA, and after target-
driven photo-polymerization the resultant spheres had a colour
ratio of 1G1R (Fig. 4a). By referring to the pre-assigned fluorescence
codes (see Supplementary Table S4), this result indicated that the
‘unknown’ DNA was the SARS DNA. Similarly, Anthrax and
Ebola DNA were detected with 1G3R and 4GOR, respectively
(Fig. 4b, c). The detection was highly specific: in the presence of
an unrelated DNA, no polymerized spheres were observed
(Fig. 4d) because polymerization could not occur with only
mono-PEGA-ABC monomers. Interestingly, we found that the
concentrations of polymeric spheres (that is, the number per unit
area obtained from microscopy images) were linearly proportional
to the log of concentrations of target DNA (Fig. 4e). Thus we can
easily detect the presence and approximate concentration of the
pathogen DNA by simply counting the polymeric spheres under
the microscope. The estimated detection limit was 100 fM under
current conditions (Fig. 4e). This method also allows for a wide
dynamic range (four orders of magnitude) of detection.

In addition to detecting pathogen DNA, the ABC polymeric
spheres can also serve as multi-drug delivery vectors due to their
intrinsic multivalency and anisotropicity. The built-in DNA scaf-
folds also provide an ideal interface for nucleic acid-based drugs
(see Supplementary Fig. S10). Polymerized spheres were delivered
to cells with both model drugs (oligonucleotide (ODN) and
siRNA) and tracers (quantum dots). Microscopy images revealed
that similarly sized spheres were internalized by Hela cells
(Fig. 5a-c). The cellular uptake was attributed to endocytosis,
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Figure 2 | ABC monomers with precisely positioned fluorescence dyes and nanoparticles. a, Gel electrophoresis image of three donor Y-DNAs conjugated
with one green fluorescence dye (1G), two red fluorescence dyes (2R), and one green and one red fluorescence dye (1GIR). b, Gel electrophoresis image of
ABC monomers with different configurations. The resulting ABC monomers show different colour bands determined by the donor Y-DNAs, which are
connected to the X-DNA by a specific bridge DNA. Unrelated donors, if any, are shown at the bottom, because they cannot be connected to acceptor
X-DNA without the presence of a corresponding bridge DNA (lane 1). Lanes 5, 6 and 7 represent w + n (1G + 2R), w + e (1G + 1G1IR) and n+ e (2R + 1G1R),
respectively. ¢, Annular dark-field STEM image of ABC monomers with three quantum dots. Scale bars, 100 nm. Although DNA molecules themselves were
not visible in STEM, the distance between two quantum dots should be close to the length of the DNA between them, which was ~41 nm (considering a
rigid DNA model with 0.34 nm per base pair; for detailed calculations see Supplementary Fig. S7a). The measured distance based on STEM annular dark-
field images was 44.8 + 7.3 nm.

because no fluorescence was observed inside the cells when further understand the uptake mechanisms, we evaluated the cellular
endocytosis was inhibited (see Supplementary Fig. S1lab). These uptake in the presence of various endocytosis-specific inhibitors.
results suggest that the cells can internalize these multi-drug carriers  Internalization of polymeric spheres was severely reduced in cells
without any additional treatment with a transfection reagent. To  treated with inhibitor cytochalasin B, suggesting that actin-dependent
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Figure 3 | Photo-polymerization and characterization of ABC monomers. a, Schematic of target-driven polymerization. b, Atomic force microscopy (AFM)
image of polymeric spheres. The inset shows a higher magnification image. Scale bar, Tum. ¢, Size distribution of polymeric spheres obtained using dynamic
light scattering measurements. d, Bright-field optical microscopy images after photo-crosslinking. e, Overlay image obtained using both bright-field and
fluorescence microscopy. Error bars represent standard deviations from three replicates. Scale bar, 5 wm (inset, 2 pm).
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Figure 4 | Detection of pathogen DNA by means of target-driven polymerization of ABC monomers. a-c, Fluorescence microscopic images of target-driven
polymers with pathogen DNAs including SARS, Bacillus anthracis and Ebola, respectively. Orange (1GIR) polymeric spheres were generated from ABC
monomers that were dimerized by SARS DNA (a). 1G3R and 4G coded polymeric spheres were produced by Bacillus anthracis (b) and Ebola pathogen (c)
DNA, respectively. d, By incubating 1GIR ABC monomers with an unrelated pathogen DNA, no polymerized DNA materials were observed. Scale bars, 5 um.
e, Relationship between the number of polymerized spheres per 140 x 180 pm? and the concentration of pathogen DNA (for determining the sensitivity of
detection through target-driven polymerization). The coefficient of variation (CV) of the assay ranged from 5.6 to 10.4%, depending on the concentration of
the target pathogen DNA (for more details see Supplementary Table S5). Error bars represent standard deviations from three replicates.

endocytosis such as phagocytosis and macropinocytosis was the
main mechanism (see Supplementary Fig. S12).

It is noteworthy that these ABC polymers exhibited little cytotoxi-
city. After a 36-h treatment with ABC monomers, HeLa cells showed
more than 90% cell viability (or less than 10% cytotoxicity was observed;
Fig. 5d). Using the conditions reported here, we were able to obtain a
delivery efficiency of 25% (data not shown). Although further
investigations are needed to optimize delivery efficiency, we have
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demonstrated that our ABC polymers provide a general route to
carry different moieties within one entity for both delivery and tracing.

In summary, we have created anisotropic, branched and cross-
linkable monomers that are DNA-based and can be precisely
manipulated. Using these ABC monomers, we have also devel-
oped a general approach to generate multifunctional nanoarchi-
tectures that cannot be achieved with currently available
building blocks. In particular, we have demonstrated for the
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Figure 5 | Microscopic images of a HelLa cell treated with polymeric spheres at 37 °C overnight and cytotoxicity studies. a,b, Fluorescence microscopy
images (blue, nuclei; green, actin; red, polymeric spheres). Scale bars, 10 wum. ¢, Confocal microscopy image with resliced regions of interest. The resliced
image shows that polymeric spheres are taken up by Hela cells. d, Cytotoxicity studies of polymeric spheres. The assay shows cytotoxicity after 36-h
exposures of cells to 0.01, 0.05, 0.25, T and 5 nM ABC monomers. Error bars represent standard deviations from three replicates.

first time a target-driven polymerization that can be used to
rapidly amplify signals to detect pathogens with high specificity
and sensitivity. In addition, we have shown that these nanoarch-
itectures can be used as multi-drug carriers that are readily inter-
nalized by cells without any other chemical reagents. It is
important to note that our ABC monomer system is designed
to be modular. The built-in ‘plug-and-play’ feature coupled with
its ‘mix-and-match’ flexibility makes the ABC monomer a versa-
tile platform technology—any other functional groups, both
organic and inorganic, that can be conjugated with DNA (or
RNA) can be incorporated into the final nanoarchitectures.
Thus, we anticipate that our ABC monomers will lead to many
possibilities for creating more novel nanostructures and nanoma-
terials with multiple functionalities.
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Methods

Conjugation of PEGA onto Y-DNA. PEGA (0.5 uM, 3,400 Da) was added into a
solution (water) containing 5’ amine-modified Y-DNA (0.2 M). The reaction was
carried out overnight at room temperature. Non-reacted amine-modified Y-DNA and
PEGA were removed by HPLC equipped with a photodiode array detector (Waters).

Preparation of the ABC monomer and dimer. ABC monomers were synthesized
by incubating equimolar quantities of donor Y-DNA and corresponding bridge
DNA with X-DNA at 30 °C for 1 h. ABC dimer was assembled by mixing equimolar
quantities of each ABC monomer with pathogen DNA in a solution containing

15 mM MgCl, and 10 mM Tris buffer (pH 8). The mixture was incubated at 30 °C
for 30 min.

Formation of the ABC polymer by photo-polymerization. ABC dimers were
photo-polymerized with 265 nm UV light (8 mW cm™?) in an aqueous solution of
5 wt% photoinitiator Irgacure (Ciba Geigy) using a UV crosslinker (Spectronics
Corporation, XL-1000) for 10 min.
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Atomic force microscopy imaging. A 5 l sample was placed onto the surface of
mica (Ted Pella) that was already functionalized by being placed into a 0.1% (v/v)
aminopropyltriethoxysilane (APTES, Aldrich) water solution for 15 min, and the
sample was allowed to adsorb to the mica surface for ~20 min. The mica was then
rinsed in Milli-Q water. Tapping-mode AFM images were taken in air using a
Dimension 3100 AFM (Digital Instruments).

Microscopy of the nanoarchitectures. A 10 pl sample was placed onto the
microscope glass and then covered by cover glass (22 x 22 mm?). The DNA
nanoarchitectures were observed with a microscope (Olympus IX70) equipped
with a X100 (high-magnification) oil-immersion objective. Images were acquired
with MetaMorph image acquisition software. All observations were performed

at room temperature.

Cell culture. HeLa cells were cultured at 37 °C with 5% CO, in Dulbecco’s
Minimum Essential Medium (DMEM, Mediatech) supplemented with 10% fetal
bovine serum (FBS, Hyclone) and 2% penicillin/streptomycin (P/S, Mediatech).

Fluorescence labelling and imaging of cell. Cells (3 x 10*) were cultured in

each well on Lab-Tek chamber slides (8 wells, Permanox slide, Nunc) for one day.
Cells were further cultured in the presence of 20 pl polymeric spheres (2.9 pM)
overnight at 37 °C or 4 °C, or 10 min at 37 °C. Cells were washed three times with
PBS, then fixed with 4% paraformaldehyde. Actin filaments and nuclei were stained
with Alexa Fluor488 phalloidin (Invitrogen) and DAPI (4 ,6-diamidino-2-
phenylindole) with an antifade reagent (Invitrogen) according to the supplier’s
protocol. Cross-sectional images of the cell were obtained by confocal microscopy
(Zeiss LSM 510 Meta Confocal Microscope).

Cell cytotoxicity evaluation. The cytotoxicity of the polymer spheres (with ABC
monomer from 10 pM to 5 nM) was determined after a 36-h incubation with HeLa
cells (1 x 10* cell) by measuring the release of lactate dehydrogenase (LDH) from
damaged membranes of the cells using CytoTox-One homogeneous membrane
integrity assay (Promega).
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